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Abstract 
Azo dyes comprise over 50% of total world dyestuff production and have become the 
major pollutants in wastewater. Conventional biological treatment of azo dye is 
ineffective and potentially hazardous aromatic amines are formed. Photocatalytic 
oxidation (PCO) is a cost-effective alternative for complete and fast mineralization of 
azo dyes, which the rate can be further enhanced by sorption using bacterial cells. 
Among azo dyes, those with triazine group(s) are particularly important due to 
accumulation of cyanuric acid (CA) as the dead end product. However, CA is 
biodegradable by bacteria. Therefore, sorption, PCO and biodegradation were integrated 
in this study in order to completely degrade Procion Red MX-5B (MX-5B), a 
triazine-azo dye. 
Vibrio sp. was isolated from activated sludge and its cell yield and MX-5B sorption 
abilities were optimized as following: cell culture grown at 30°C in medium with 2 g/L 
glucose and initial pH 7 was harvested at late log phase. For the sorption process, the 
selected physicochemical conditions were 7 mg dry weight of Vibrio sp., agitation rate 
200 rpm, initial pH 3，salinity 0%o, 200 mg/L of MX-5B and incubated at 30°C. RC90min 
of 177.79 mg/g was obtained. 
Sorption of 150 mg/L of MX-5B was carried out by calcium alginate beads immobilized 
with biomass of Vibrio sp. and TiO〗，followed by PCO reaction. The optimized 
experiment conditions were alginate beads immobilized with 70 mg of Vibrio sp. in dry 
weight and 5,000 mg/L of TiO�，UV irradiation of 0.77 mW/cm^ initial pH 4，500 
alginate beads and 20 mM H2O2. Decolorization of 99.12% was achieved after 195 min 
irradiation. There was 0.87 mole of CA/mole of MX-5B accumulated after 168 h 
prolonged PCO reaction. 
Another bacterium, identified as Vibrio fluvialis, was isolated from activated sludge for 
CA degradation after the PCO process. The experimental conditions for biodegradation 
of 20 mg/L CA were optimized at 30�C, 200 rpm agitation rate, 15%o salinity, initial pH 
ii 
7.2 and 1 mM glucose concentrations and 100% removal was obtained after 10 h 
incubation. 
Under all the optimized experimental conditions, integration of sorption, PCO and 
biodegradation were performed. It is a novel finding that complete removal of 150 mg/L 
of MX-5B was achieved after 1 h sorption using Vibrio sp. and TiO� immobilized 
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Effective removal of azo dyes from wastewater have become a top priority because of 
the wide application of azo dyes, potential transformation into toxic aromatic amines, 
public demand for color-free wastewater discharge and tougher color standards (Hao et 
al., 2000). However, complete remove of azo dyes in wastewater is a difficult and 
challenging task. A single treatment may not be a cost effective treatment while a 
combination of two or several techniques becomes an attractive choice for effective 
treatment of azo dyes in wastewater. In this study, integration of three treatment methods, 
sorption, photocatalytic oxidation (PCO) and biodegradation, which was a novel 
approach was used to investigate the feasibility of complete removal of azo dye, Procion 
Red MX-5B (MX-5B). 
1.1 The chemistry of azo dyes 
Azo dyes are synthetic organic colorants with great structural diversity, which are 
characterized by the azo bonds [(nitrogen to nitrogen double bonds (-N=N-)]，i.e. the 
chromophore group (Allen, 1971; Zissi and Lyberators, 1996). The azo bonds, the 
associated auxochromes (hydroxyl or amino group) and a system of conjugated double 
bonds (aromatic hydrocarbons) contribute to the color of dyes (Zissi and Lyberators, 
1996). The chromophore group alters the colour of a substrate, either by selective 
absorption or by scattering of visible light (approximately 400-750 nm) (Danish EPA, 
1998b). 
Azo dyes are produced generally as following. In the diazotization process, aromatic 
amine or amino derivatives of heterocyclic compounds are transformed into diazonium 
compound in the presence of sodium nitrite and hydrochloric acid at low temperature. 
Then, the diazonium compounds couple with a coupling component (commonly phenols, 
naphthols, arylamines, aminonaphthols, acetoacetarylamides or pyrazolones) in aqueous 
or suspension (Boyd, 1955; Abrahart, 1968; Allen, 1971). Sulphonation is followed to 
make insoluble colored compounds to become water soluble (Trotman, 1975). 
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The presence of a double bond gives rise to stereoisomerism (Allen, 1971). At least one, 
but more often two aromatic residues are attached to the azo group of the dyes (Allen, 
1971; Cheng, 1998; Mendez-Paz et al, 2005). In some cases, the aromatic group can be 
substituted by sulphonated groups (Mendez-Paz et al； 2005). They exist in the more 
stable trans (1) form rather than the cis (2) form as shown in Figure 1.1 (Allen, 1971; 
Cheng, 1998). Both nitrogen atoms are sp^ hybridized and the carbon-nitrogen bond 
angles are ca. 120° (Cheng, 1998). 
Trans-azobenzene is the basic azo chromogen. It is planar in both solid and aqueous 
states while it is likely non-planar in the vapour phase. The carbon-nitrogen bond 
lengths are slightly shorter than expected due to resonance (Figure 1.2). The two 
aromatic rings conjugated to the azo linkage acts like a pair of electron donor and 
acceptor, enhancing the resonance (Watson, 1972). 
1.2 Azo dyes classification 
Classification of dyes is based on the chemical structures or their applications 
respectively (Abrahart, 1968; Allen, 1971; Griffiths, 1984). Azo, anthraquinone and 
triarylmethane dyes are the three most important classes of dyes classified based on their 
chemical structures (Griffiths, 1984). Azo dyes can be further divided into basic, acid, 
direct, mordant, azoic, disperse and reactive dyes with reference to their applications 
(Abrahart, 1968; Trotman, 1975). 
Acid dyes are water-soluble anionic dyes with different chromophores substituted with 
acidic functional groups like sulfonic, carboxyl and nitro acid (Hao et al, 2000). They 
are used for dyeing of all natural fibres, e.g. wool, cotton, silk, synthetics polyesters, 
acrylic and rayon (Abrahart, 1968). Basic dyes are water-soluble cationic azo dyes 
(Wingate, 1970). At the very beginning, they were used for dyeing of natural fibres, e.g. 
cotton, silk and wool (Danish EPA, 1998b). Later, they were applied to synthetics, e.g. 
polyesters, acrylics and rayon. Some are used in medicine for treatment of bacterial 
infections (Trotman, 1975; Danish EPA, 1998b). Direct dyes are water-soluble anionic 
2 
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Figure 1.2 Resonance in trans-azobenzene. 
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azo dyes, which require the presence of electrolytes during the dyeing process. Most of 
them are benzidine-based. They can be applied to celluloid fibres directly and hence the 
name (Wingate, 1970; Danish EPA, 1998b). Disperse dyes are sparingly soluble in water 
(Trotman, 1975) and mainly used for dyeing of synthetic (hydrophobic) fibres. They 
have been used for cellulose acetate (Wingate, 1970). Mordant dyes are applied to the 
fibres in conjunction with a metal salt (Abrahart, 1968), most commonly chromium, 
aluminum, copper or iron. They are limited to the coloring of wool, leather, furs, silk, 
nylon and anodized aluminum (Allen, 1971; Rys and Zollinger, 1975). Reactive dyes 
form covalent bonds with the -OH, -SH and -NH2 groups present in the fibres, e.g. 
cotton, rayon, wool silk and nylon (Allen, 1971). Due to very good fastness of the 
substrate, the reactive dyes are one of the most important groups of dyes for textiles 
industry (Hu, 1992). 
1.3 Environmental concerns and toxicity 
Azo dyes are the largest and the most versatile groups of dyes, which play a prominent 
role in almost every type of application (Wong and Yuen, 1996). Over 7x10^ metric tons 
of dyestuff were produced annually (Meyer, 1981); and azo dyes make up of half of the 
total amount of dyes used (Zhu et al, 2000; Ferreira et aL, 2003). The textile and dyeing 
manufacturing industries are the two major sources of environmental discharged azo 
dyes (Zissi and Lybemtors，1996). Additionally, they are also extensively used in the 
paper, food, pharmaceutical and cosmetic industries (So et aL, 1990; Hang et aL, 1991; 
Hu, 1998; Chen et aL, 2003a). Azo dyes are so widely used because of the following 
reasons: they have good fastness properties; they have high color strength; they cover 
the whole shade range; and they are easy to be prepared from cheap and readily 
available starting materials (Fabian and Hartmann, 1980). 
However, about 10% of azo dyes used during dyeing processes do not bind to the fibers 
during manufacturing and usage and are released into the effluent (Spadarry et aL, 1994; 
Hu and Wu，2001). The presence of very low concentrations of dyes in effluent is highly 
visible (< 1 mg/L) (Cheng, 1998) and undesirable (Nigam et aL, 2000). Among all azo 
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dyes, reactive azo dyes are the largest group of azo dyes utilization (Ferreira et al., 2003) 
because of the covalent bond formation with natural or synthetic fibres, leading to good 
color fixation (Lizma et al” 2001). However, they have been identified as the most 
problematic compounds in textile wastewater due to their high water solubility and low 
exhaustion (Hu, 1998). They are hydrolyzed during application and as high as 800 mg/L 
hydrolyzed dyes may remain in the bath after dyeing. Up to 30% of them are released to 
the environment (Ferreira et ai, 2003) and typically 90% of them will pass through the 
wastewater treatment plants untreated (Hao et al., 2000; O'Mahony et al., 2002). 
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Photoreduction, volatilization and hydrolysis seem not to play an important role in the 
environmental fate of azo dye; while bioaccumulation is important in the possible fate of 
some disperse dyes and aromatic amines (Danish EPA, 1998b). In addition to microbial 
degradation, adsorption on soil or sediment is a major route of dye removal from the 
environment (Danish EPA, 1998b). 
1.3.1 Toxicity of azo dyes 
Dyes are one of the most extensively reviewed and regulated under the "Toxic 
Substances Control Act" (TSCA) issued in 1976 (Auer and Gould, 1987). USEPA 
disposition of dyes can be divided into three risk categories: dropped and questionable 
low risk cases; uncertain risk cases that are examined in detail; and unreasonable risk 
cases in which some types of control actions are taken. For azo dyes, the percentage of 
control actions taken was 24%, which is much higher than the average percentage of 
control actions taken (5.4%) of all other general chemical classes combined (Auer and 
Gould, 1987). Another survey conducted by the Ecological and Toxicological 
Association of the Dyestuffs Manufacturing Industry (ETAD) (Europe) formed in 1974 
reported that over 90% of 4000 dyes tested had LD50 values greater than 2x10 mg/kg. 
The highest rates of toxicity are basic and diazo direct dyes (Nigam et al, 2000). 
1.3.2 Carcinogenicity 
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Certain azo dyes are toxic (Holme, 1984; Chen et al, 2003a) and/or carcinogenic 
(Baughman and Weber, 1994; Hu and Wu, 2001) because their origins are from some 
known carcinogens, such as benzidine, which may be reformed by microbial 
transformation (Clarke and Anliker, 1980). Some of them are listed in Table 1.1. 
Although the commonly used azo dyes may not produce adverse effects, several studies 
have showed that azoreductase from intestinal microflora and mammals can catalyze 
cleavage of the azo bond to aromatic amines (Chung et al., 1978; Cheng, 1998). 
Therefore, ingestion of certain azo dyes is a risk for human health (Mendez-Paz et al” 
2005). In addition, USEPA assumes that all azo dyes are azo-reduced to the 
corresponding aromatic amine, unless data is provided that demonstrates that this will 
not occur (International Agency for Research on Cancer, 1975). 
It is well-known that the major causative factor of carcinogenicity of a given dye is due 
to the formation of carcinogenic amines (Danish EPA, 1998a; Mendez-Paz et aL, 2005). 
Typical examples are benzidine-based dyes, which can be metabolized to the known 
human carcinogen benzidine (Group 1) and benzidine-based dyes were placed in Group 
2A (probably carcinogenic to humans) (Danish EPA, 1998a). In addition, 2-
napthylamine-based dyes are considered as carcinogenic (Mendez-Paz et aL, 2005). The 
chemical structures of 20 aromatic amines considered as carcinogenic by International 
Agency for Research on Cancer are listed in Table 1.2. They are grouped into five 
categories: anilines (e.g. o-toluidine); extended anilines (e.g. benzidine); fused ring 
amines (e.g. 2-naphthylamine); aminoazo and other azo compounds (e.g. 4-
(phenylazo)aniline) and heterocyclic amines (Danish EPA, 1998b). Based on AQUIRE 
DATABASE (USEPA, 1993), there were about 100 azo dyes, that are affected by the 
prohibition in the German Regulations, as their reductive cleavage will form 
carcinogenic aromatic amines, but which are on the market. Their distributions are 
grouped according to their content of the 20 forbidden aromatic amines in the German 
Regulations (Figure 1.3). 
The azo bonds may easily undergo enzymatic breakdown to form aromatic amines in 
mammalian organisms, including man (Brown and DeVito，1993) by azoreductase 
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Table 1.1 Azo-colorants which should be regarded as carcinogens (Danish EPA, 1998a). 
Name Group Remarks    
(4-Dimethylamino)- 2 A Liver tumors, squamous carcinoma of the 
benzeneazo-1 -naphthalene forestomach in male rats 
(4-Dimethylamino)- 2B Topically induced tumors in mice, orally 
benzeneazo-2- naphthalene induced liver tumors in rats 
Acid Dye CI 16155 2A Metastatic liver tumors in mice 
Acid Red 114CI23635 2B Probably linked to formation of the 
metabolite 3,3'-dimethylbenzidine 
1 
Acid Red 26 2B Orally induced liver tumors in mouse 
Direct Black 38 2A Large-benzidine based 
Direct Blue 15 2B Probably linked to formation of the 
metabolite 3，3 '-dimethoxybenzidine 
Direct Blue 6 2A Large-benzidine based 
Direct Brown 95 2A Large-benzidine based 
Solvent Yellow 1 2A Topically induced skin tumors in rats 
Solvent Yellow 2 2A Topically induced skin tumors in rats 
Solvent Yellow 3 1 Skin application in mice produces liver 
tumors, and topical application to pregnant  
mice produces tumors in F1 generation 
Group 1: The agent is carcinogenic to humans. The exposure circumstance entails 
exposures that are carcinogenic to humans. 
Group 2A: The agent is probably carcinogenic to humans. The exposure circumstance 
entails exposures that are probably carcinogenic to humans. 
Group 2B: The agent is possibly carcinogenic to humans. The exposure circumstance 
entails exposures that are possibly carcinogenic to humans. 
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Table 1.2 Aromatic amines and their structures considered as carcinogenic by 
International Agency for Research on Cancer (Danish EPA, 1998a). 
Azo dyes CAS No. Structures 
4-Aminodiphenyl 
92-67-1 P ^ ^ H ^ 
Benzidine 92-87-5 r ^ ^ ^ Y l T ^ 








4，4，-Diaminodiphenylmethane 10 1-77-9 






(to be cont'd) 
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Table 1.2 Aromatic amines and their structures considered as carcinogenic by 
International Agency for Research on Cancer (Danish EPA, 1998a) (cont'd). 
3,3'-Dimethyl-4,4'- 838-88-0 ^ ^ ^ ^ ^ ^ ^ ^ 





4,4，-methylenebis[2- 101-14-4 j^^^^ch^— 
chloroaniline] 
CI CI 




2,4-Toluylenediamine 95-80-7 ^ X ^ M e 
0-Anisidine 90-04-0 了 
^ n h . 
p-Aminoazobenzene 60-09-3 / \ .... 
尸 Ph—N=N ^ I ) NH2 
Ph = Phenyl group, Me = Methyl group 
CAS = Chemical Abstracts System Number of the American Chemical Society 
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2, 4，5 -Trimethylaniline 
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2,4-Diaminoanisole | 
2,4-Toluylendiamine ^ ^ 
2, Amino-4-nitrotoluole 面 
t-
2 -Naphthylamine | 
3,3’ -Dichlorbenzidine 
3 3' -Dimethoxvbenzidine I f f i S M ^ g S g a ^ ^ i ^ i i ^ i f ^  ‘ f 
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4’ 4'-Thiodianiline 融 
4-Aminodiphenyl | 
4-Chlor-o-toluidine 麵 . 
Benzidine 
o-Aminoazotoluole B p . . . . 
o-Toluidine B ^ H S Q 
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0 s- w n w 3 m m m • 騎 
Number of dyes in the market (generic types) 
Figure 1.3 Commonly used azo dyes on the market, which by reductive cleavage 
processes can form aromatic amines considered as carcinogenic by the German 
authorities (USEPA, 1993). 
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present in various organs like liver, kidney, lung, heart, brain, spleen and muscle tissues 
(Danish EPA, 1998b). The aromatic amines can be absorbed into the intestine and 
excreted in urine (Brown and DeVito, 1993). 
As early as 1895, Rehn had reported four cases of bladder cancer due to exposure of 
aromatic amine for 15-29 years (Danish EPA, 1998b). Between 1921 and 1951 in 
England, 127 azo dye manufacturing workers died of bladder cancer, which was much 
higher than the expected incidence of bladder cancer (four cases) (Danish EPA, 1998b). 
In addition, a few workers, who distilled 2-naphthylamine, also died of bladder cancer 
1 
(Cartwright, 1983). For decades, there has been strong evidence for the association of 
human bladder and renal pelvis cancers with specific aromatic amines (Dewan et al., 
1988). In experimental animals, aromatic amines induced tumors in liver, intestine or 
urinary bladder. For example, l-amino-2-napthol reduced from Acid Orange 7 can 
induce bladder tumors (Bonser et al., 1956). Furthermore, tumors in mammary gland 
and skin were observed in rats (Sontag, 1981). It is believed that by 7V-hydroxylation and 
A^-acetylation followed by 0-acylation of aromatic amines, acyloxy amines are formed. 
These compounds can be degraded to form highly reactive nitrenium and carbonium 
ions, which bind covalently to cellular DNA and RNA (Brown and DeVito, 1993). 
The acute toxicity of azo dyes is generally low, the majority of them have LD50 values 
between 250 and 2,000 mg/kg body weight. Skin sensitizing of azo dyes have been 
identified in a few reports. Apart from carcinogenicity, exposure to aromatic amines 
may cause methemoglobinemia, i.e. oxidation of the heme iron of hemoglobin from Fe 
(II) to Fe (III)，and hence blocking the oxygen binding. Cyanosis of lips and nose, 
weakness and dizziness will also be resulted (Danish EPA, 1998b). 
1.3.3 Ecotoxicity 
Large quantity of textile wastewater discharged to the environment is aesthetically 
displeasing (Banat et al, 1996), affecting the light penetration into the water body and 
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hence upsetting biological processes and productivity. Moreover, the toxicity of dye-
containing effluents may affect the living organisms. 
1.3.3.1 Toxicity to microorganisms 
In aquatic environment, azo dyes were reported to affect microbial populations and their 
activities (Brown et al., 1981; Michaels and Lewis, 1985; Ogawa et al., 1988; 1989). For 
example, 100 mg/L of Methyl Red can inhibit the growth of Proteus vulgaris, 
Salmonella typhosa, Shigella flexneria and a number of Bacillus, Straphyloccoccus and 
\ 
Streptococcus bacteria (Fung and Miller, 1973; Chan and Ko，1978). Azo dyes such as 
Basic Brown 4, Direct Black 80 and Acid Black 52 were inhibitory to microbial 
oxidation processes in both activated sludge and stream water (Ogawa et al, 1981; 
Chung and Stevens, 1993). The nitrification process in activated sludge was also 
inhibited by azo dyes (He and Bishop, 1994). Introduction of chlorine or bromine will 
strengthen the inhibition while introduction of methyl, nitro, sulpho or acid groups to the 
azo dyes or replacement of the benzene ring with a naphthalene ring will weaken the 
inhibition (Chung and Stevens, 1993). Microbial toxicity of azo dyes was proposed to be 
caused by the intercalation of dye compounds and DNA base pairs (Ogawa et al., 1988). 
Aromatic amines, e.g., /7-aminoazobenzene (10.23 mg/L) caused 15% decrease of the 
specific growth rate of Bacillus subtilis (Zissi and Lyberators, 1996). Some reports 
showed that anaerobic treatment of some azo dyes like Reactive Red 141 and Procion 
Red MX-5B would cause methanogenicity to microorganisms (Carliell et al, 1995; 
Beydilli et al., 1998; Van der Zee et al., 2001). 
Algae are the primary producers and the main food source in the food chain; hence 
disruption of algal growth will lead to adverse effects to the ecosystem. In an American 
Dye Manufacturers Institute (ADMI) study, 15 dyes (27%) among 56 selected dyes of 1 
mg/L strongly inhibited the growth of the green alga, Selenastrum capricornutum after 7 
days of incubation (Brown and Anliker, 1988). It is believed that up to 50% of the 
inhibition observed is related to light inhibition at high dye concentrations rather than a 
direct inhibitory effect of the dyes (Danish EPA, 1998b). 
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1.3.3.2 Toxicity towards vertebrates 
Some acid azo dyes exhibit high toxicity to fish but do not significantly inhibit algal 
growth (Clarke and Anliker, 1980). It was found that zebra fish is susceptible to basic 
dyes, acid dyes and disperse dyes at a level less than 100 mg/L, while larger than 100 
mg/L for hydrolyzed reactive, direct and mordant dyes. In addition, various fishes, e.g. 
Pimephales promelas, Oncorhynchus mykiss, Cyprinus carpio’ Ptychocheilus 
oregonensis and Oncorhynchus tschawytchia are susceptible to acid and direct dyes at a 
level between 1 to 10 mg/L (Danish EPA, 1998b). 
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The toxicity of some aromatic amines towards vertebrates is also studied. Benzidine and 
4-aminobenzene are acutely toxic ( L C 5 0 < 1 mg/L) to some crustaceans and juvenile 
fishes. The L C 5 0 of 4-chloroaniline for various fish species is in the range of 1 2 to 46 
mg/L. while the L C 5 0 (336 h) of o-anisidine and o-toluidine towards adult Poecilia 
reticulata are 165 and 81 mg/L respectively (Danish EPA, 1998b). Moreover, exposure 
of 2,500 mg/L of 3,3', 4,4' -tetrachloroazobenzene in diet results in a significant higher 
mortality rate of the Japanese Medaka {Oryzias latipes) than control (Allison and Morita, 
1995). In addition, 100 mg/L of />-chloroaniline has a lethal effect on the embryo of 
Xenopus laevis while inhibition of development is showed at concentrations of 1 and 10 
mg/L respectively (Dumpert, 1987). Reductive cleavage of aromatic amines has also 
been shown in Mytilus edulis, Mytilus galloprovincialis, Carcinus maenas and Asterias 
rubens, resulting in mutagenicity to Salmonella typhimurium (Marsh et al., 1992). 
1.4 Treatment of azo dyes 
Due to the toxicity and recalcitrance of azo dyes, they can be hazardous to the 
environment even though present at low concentrations. Therefore, they must be treated 
before they are discharged to the environment. There are a number of techniques 
available for treatment of dyes and they can be classified into physical, chemical, 
biological and advanced oxidation processes. Each process has its own constraints and 
merits in terms of cost, feasibility, practicability, stability, environmental impact, the 
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extent of organic removal and potential toxic byproducts (Hao et al., 2000). Physical and 
chemical methods are commonly used to remove dyes (Groff and Kim, 1989; Mou et al., 
1991) as the removal processes are generally complete and non-specific (Kawakami et 
al” 1978) and are relatively simple and easy to handle (Lai, 1997). However, these 
methods are expensive (Mou et al., 1991; Capalash and Sharma, 1992; Banat et al” 1996) 
and further treatments of secondary wastes are needed (Mou et al” 1991). Biological 
methods are more environmental friendly (Shukla and Gupta, 1992) but they are 
relatively more time consuming (Lai, 1997). 
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1.4.1 Physical treatment 
The principal concept of physical methods is to concentrate the pollutant from the 
wastewater temporarily. Adsorption and filtration are extensively used because of the 
ease of handling and cost effectiveness (Lai, 1997). 
1.4.1.1 Adsorption 
Many low-cost sorbents have been widely studied for decolorization of wastewater, e.g. 
peat, slag, fly ash, bentonite (Ramakrishna and Viraraghavan, 1997), silica (McKay et 
al” 1980a; 1980b; 1981), sawdust, straw, sugar beet pulp, seaweed and bone chart 
(Bousher et al., 1997). However, the adsorption capacities of them are low, so large 
amounts of adsorbents are needed (Viraraghavan and Fu, 2001). Activated carbon is the 
most commonly used sorbent for dyes (Mou et al., 1991; Shukla and Gupta, 1992; Lin, 
1993) due to its excellent adsorption capacity to various kinds of aqueous and gaseous 
compounds (Hao et al., 2000) and relatively simple operational setup (Lebeau et al., 
1999). For recalcitrant dyes with high affinity to adhere to surface, adsorption is able to 
remove these dyes without involving biodegradation and release of intermediate 
products (Nawar and Doma, 1989). However, effective color removal by activated 
carbon is limited to some classes of dyes (cationic, mordant, and acid dyes) while 
disperse, vat and pigment dyes are poorly removed (Hao et al., 2000). High solubility 
and persistence of reactive dyes also inhibit the efficiency (Lizma et al” 2001). In 
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addition, for a mixed dye waste, a second flocculation stage is required (Cheng, 1998). 
Though activated carbon can be reused for a number of times, the operation cost is still 
high (Lin, 1993; Hu, 1994) due to extremely expensive regeneration cost (Cooper, 1993; 
Nigam et al., 2000). Since desorption is extremely difficult (Cooper, 1993) due to the 
strong chemical bonding formed between the sorbents and sorbed dye molecules 
(McKay et al； 1987) and in some cases incineration is required. Moreover, adsorption is 
a mere physical removal of dye from effluent that still creates a waste disposal problem 
and used carbon may be classified as a hazardous waste. In addition, this method is 
impractical for decolorization of the raw wastewater because of the competition between 
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the dye molecules and organic or inorganic compounds present (Hao et al., 2000). 
1.4.1.2 Membrane technology 
Membrane technology has been developed and used in the textile and dyestuff industry 
during the past decades (Porter, 1996). It can be divided into three categories based on 
their pore sizes to retain solutes with different molecular weights cutoff (MWCO): < 
1,000 MWCO for reverse osmosis, 500-15,000 MWCO for nanofiltration and 1,000-
100,000 MWCO for ultrafiltration (Hao et al, 2000). Studies have shown that these 
methods can effectively remove dye molecules from textile wastewater in a pilot scale 
(Chen et al, 1997; Rozzi et al., 1999). However, the application of this technology is 
limited to small waste flow (van，t Hul et al” 1997) as a large flow rate is presumably 
costly (Hao et al., 2000). Other constraints includes high capital cost, need of membrane 
cleaning, colored residue need for further disposal (Cooper, 1993; Nigam et al., 2000), 
flux decline and irreversible fouling (Hao et al., 2000). 
1.4.2 Chemical treatments 
Chlorination (Clark et al, 1994; Chang et al” 1996), ozonation (Matsui et al., 1981; 
Gahr et al., 1994; Shu and Huang, 1995), Fenton's reaction (Kuo, 1992; Solozhenko et 
al； 1995) and coagulation (Kang and Chang, 1997) are extensively studied for removal 
of dye from wastewater. 
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1.4.2.1 Chlorination 
Chlorine is a strong and non-selective oxidizer that can degrade dyes and enhance their 
biodegradability. It is widely used for treatment of wastewater of textile and dyeing 
industries because of on-site availability (Hao et al., 2000). However, chlorination 
frequently just shifts the color to a strong yellow or orange coloration (Perkins et al., 
1980). In addition, undesirable productions of toxic chlorinated organics are resulted. 
For example, 47 halogenated compounds including chloroanilines，chlorophenols and 
chloronitribenzenes are detected in a coagulation/chlorination process for the treatment 
of a dye manufacturing wastes (Sarasa et al., 1998). 
1.4.2.2 Fenton's reaction 
It is an oxidation reaction based on hydroxyl radical (•OH) generated from hydrogen 
peroxide catalyzed by ferrous iron at acid pH. Use of Fenton's reagents can degrade 
many organic pollutants, such as azo dyes and pesticides (Kuo 1992; Halmann, 1996). 
Although the cost of Fenton reagents is relatively low, the production of considerable 
quantities of sludge will increase the operation cost (Cheng, 1998; Nigam et al., 2000). 
Conventionally, the sludge will be incinerated to produce energy, which seems not to be 
environmentally friendly (Nigam et al., 2000). In addition, Fenton's reagent may not be 
able to meet the color standards for some dye wastes (Cheng, 1998). The process is 
limited to acidic medium (pH 3-5) (Kuo, 1992; Solozhenko et al, 1995; Chiron et al., 
2000) to prevent precipitation of ferrous ions. 
1.4.2.3 Ozonation 
Ozone is a powerful oxidant (E^ = 2.07 V) (Halmann, 1996; Chiron et al., 2000) that can 
oxidize azo dyes to non-colored species (Cheng, 1998). It is generated from oxygen by 
electric discharge or UV irradiation (Matsui, 1996; Chiron et al., 2000). Mechanism of 
oxidation is based on hydroxyl radical (•OH) produced (Ruppert et al, 1994). It leaves 
the effluent with no color and COD suitable for discharge to the environment (Xu and 
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Lebrun, 1999). pH effect on ozonation process is insignificant (Perkins et al., 1980), so 
it is effective for treating a wide range of wastes. It can also be applied to large volume 
of effluents and the reaction is reasonably fast (Cooper, 1993). However, due to the 
chemical instability of ozone (short half life: 20 min) (Xu and Lebrun, 1999)，continuous 
on-site generation is needed and hence requires significant electrical power and capital 
costs (Cooper, 1993). The presence of azo dyes, salts can further shorten the life time 
(Nigam et al., 2000). Moreover, ozone destruction unit must be applied so as to prevent 




Coagulation using conventional coagulants, such as alum, lime and ferric or ferrous 
sulfate, have been extensively used for the treatment of textile waste (Hao et al, 2000). 
In majority, coagulation can be effective in removing color (Cooper, 1993), especially 
disperse dyes (Hao et a!., 2000). However, dyes of high solubility and persistence like 
reactive dyes will inhibit the decolorization (Lizama et al., 2001). In addition, high 
chemical dosages are usually required and large volume of sludge is produced (Cooper, 
1993； Hao et al., 2000). Further sludge disposal will increase the cost of conventional 
chemical treatment. In some cases, formation of some toxic by-products like anilines 
and chloroanilines may occur due to a drastic increase in pH (Sarasa et al, 1998.). 
1.4.3 Biological treatments 
The merits of biological treatment over the physical and chemical methods are that no 
secondary wastes are produced (Shukla and Gupta, 1992; Nigam et al., 2001); more 
cost-effective (Banat et al” 1996) and environmental friendly. However, biological 
methods are not widely applied as they are relatively more time consuming than physical 
and chemical methods (Nigam et al., 2000)，and it is difficult to find an ideal microbial 
strain for effective sorption and biodegradation (Lai, 1997). In addition, azo bond is 
recalcitrant to biodegradation (Capalash and Sharma, 1992) and formation of toxic 
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aromatic amines also results from biodegradation (Meyer, 1981; Seshadri et al., 1994). 
Biologically anaerobic or aerobic process alone is ineffective for decolorization (Tang 
and An, 1995; Hao et al； 2000). 
1.4.3.1 Activated sludge process 
Activated sludge process has been used for treating a variety of industrial wastewater 
containing dyes and colored compounds. It is safe and economic (Cheng, 1998). 
However, the COD and dye removal are unsatisfactory (Hao et al, 2000; Hayase et al., 
2000; Tanaka et al” 2000). In order to be successful in the markets, dye products are 
very resistant to sun light, washing and microbial process, which make them difficult to 
be removed by the activated sludge process (Cheng, 1998). In 1988，18 azo dyes were 
tested in activated sludge processes, 11 dyes were found to pass through the activated 
sludge process substantially untreated, and four were significantly sorbed on the surplus 
activated sludge while only three were apparently degraded (Shaul et aL, 1991). 
In the anaerobic digestion stage of conventional sewage treatment process, recalcitrant 
azo dyes are usually transformed to aromatic amines, which are more toxic or even 
carcinogenic than the parental dyes (Hu and Wang, 1999). Decolorization does not occur 
when treated aerobically by municipal sewerage systems (Nigma et al” 2001) because 
long adaptation periods are required and the enzymes produced appear to be highly 
specific (Meyer, 1981). Besides, azo dyes cause inhibition of respiration of 
microorganisms in activated sludge (Ogawa et al, 1978). Therefore, costly physical-
chemical processes are often the only treatment alternatives available for such 
wastewater. 
1.4.3.2 Biodegradation 
Biodegradation is a process which the target compounds are hydrolyzed and oxidized by 
microorganisms to produce energy for replication and metabolic products (Brown and 
Weintraub, 1982). Bacteria and fungi are the two major degraders of xenobiotic 
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compounds (Bumpus et al, 1985). Their rapid growth and evolution to produce novel 
enzymes are their advantages over other microorganisms (Chauhry, 1994; Ratledge, 
1994). Biodegradation of azo dyes by bacteria and fungi has been studied for a long time 
and some of the examples are listed in Table 1.3. The mechanisms for biodegradation 
can be classified into oxidation and reduction. 
For fungi, biodegradation of azo dyes are oxidative reactions catalyzed by lignin 
peroxidase (LiP), Mn-peroxidase (MnP) and laccase enzymes (Michel et al” 1991). 
Peroxidases enzymes cooperate with H2O2 system to produce non-specific •OH 
(Bumpus et al., 1985). The relative contribution of enzymes may be different for each 
ftingus. For example, LiP was found in Phanerochaete chrysosporium (Glenn and Gold, 
1983); Laccase in Trametes versicolor (Wong and Yu, 1999) and MnP in Lentinula 
edodes (Peralta et al., 2004). Some produce all the enzymes while some produce only 
one or two (Leonowicz et al； 2001). The advantage of oxidative reaction is that the 
formation of toxic aromatic amine intermediates, like anilines, can be avoided 
(Paszczynski et al., 1991; Spadaro et al., 1992). However, it is difficult for real 
application for textile wastewater treatment using fungi because of the difficulty of 
survival and adaptability (Hayase et al” 2000) and requirement of long hydraulic 
retention time for complete decolorization (Banat et al., 1996). 
For bacteria, biodegradation can occur under aerobic and anaerobic conditions. In both 
cases, the initiation is the reductive cleavage of azo bond (So et al, 1990; Zissi and 
Lyberators, 1996) catalyzed by nonspecific (Chung et al., 1978; Meyer, 1981) 
azoreductase，e.g. flavin reductases (Russ et al., 2000), utilizing NADH or NADP(H) as 
electron donor (Zimmermann et al, 1982). However, this step is oxygen-sensitive (Zissi 
and Lyberatos, 1996) because oxygen will compete as an electron receptor in oxidation 
process of NADH or NADP(H) (Wuhrmann et al, 1980; Zimmerman et al., 1982), 
which is energetically favorable. The reduced flavins (FMN and FADH) act as electron 
carriers and accelerators (Chung et al” 1978; Haug et al, 1991), reacting with the azo 
dyes by reduction (Gingell and Walker, 1971). In addition, aromatic amines are always 
produced (Meyer, 1981; Seshadri et al., 1994; Panswad and Luangdilok, 2000), e.g., 
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Table 1.3 Examples of biodegradation of azo dyes. 
Organisms References 
Bacteria 
Pseudomonaspseudomallei 13NA Yatome et al, 1981 
Pseudomonas KF46 Zimmerman et al, 1982 
Acetohacter liquefaciens So et al., 1990 
Shigella dysenteriae Ghosh et al, 1992 
Streptomyces chromofuscus Paszczynski et aL, 1992 
Klebsiella pneumoniae RS-13 Wong and Yuen, 1996 
Bacillus subtilis Idaka et al., 1982; Zissi and Lyberators, 
1996 
Sphingomonas sp. strain BN6 Kudlich et aL, 1997 
Pseudomonas luteola Hu, 1994; Hu, 1998 
Aeromonas sp. B-5 Hayase et al., 2000 
Aeromonas hydrophila Chen et aL, 2003b 
Fungi 
Phanerochaete chrysosporium Glenn and Gold, 1983; Michel et al, 1991; 
Capalash and Sharma, 1992; 
Paszczynski et al, 1992; Bumpus and 
TaTarko, 1998; Spadaro et al., 1992; 
Lima et al., 2001 
Myrothecium verrucaria Mou et al, 1991 
Phlebia tremellosa Kirby et al, 2000 
Irpex lacteus Novotny et al., 2001 
Pleurotus ostreaus Novotny et al ,2001 
Geotrichum sp. CCMI 1019 Ferreira et al., 2003 
Trametes modesta Nyanhongo et al., 2002 
Cunninghamella elegans Campos-Takaki et al, 2004 
Lentinula edodes Peralta et al, 2004 
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aniline, which is highly toxic. Hu (2001) showed that anaerobic treatment of azo dyes 
would increase the toxicity in the Micotox® test. Moreover, the rate of reduction is 
limited by dye permeation through the cell membrane and the degree of sulphonation 
(Yatome et al, 1981; Zimmermann et al., 1982; Mendez-Paz et al, 2005). After 
cleavage of the azo bonds, no further degradation of aromatic amines will be carried out 
under anaerobic conditions (Meyer, 1981; So et al” 1990; Mendez-Paz et al； 2005). On 
other hand, further degradation by hydroxylation and ring opening of aromatic 
intermediates can be carried out under aerobic conditions (Kudlich et al., 1996; Zissi and 
Lyberatos, 1996; Rajagum et al., 2000). Therefore, complete degradation can be 
achieved by alternation from anaerobic to aerobic conditions for complete degradation 
(Haug et al； 1991; Panswad and Luangdilok, 2000). Aerobic degradation of azo dyes to 
form aromatic amines was also reported (Idaka et al., 1982; So et al, 1990; Paszczynski 
et al” 1992; Govindaswami et al” 1993; Zissi and Lyberators, 1996; Wong and Yuen, 
1996). The azoreductases involved seem to be rather specific (Meyer, 1981). 
1.4.3.3 Biosorption 
Biosorption is a process which the sorbates are uptaken or accumulated by 
microorganisms (Tsezos and Bell, 1989). Most microorganisms can be used as sorbent 
because basically they are produced from fatty acid, protein and polysaccharide, 
containing many potential charged functional groups available for binding of sorbates 
(Lai, 1997). Fatty acid is composed of carboxylic acid (-COOH) and a saturated or 
unsaturated branched or unbranched hydrocarbon chain. Protein is made of amino acids 
which contain amino (-NH2) and carboxylic acid while polysaccharide is composed of 
aldo (CHO-), keto (CO-) and hydroxyl groups (-0H) on the carbon skeleton. 
The mechanisms of biosorption involved may include ion exchange, coordination, 
complexation, adsorption and microprecipitation (Guibal et al, 1992; Fourest and Roux, 
1992). It is the sum of all passive interactions of functional groups of lipids, proteins and 
polysaccharides localized at the cell surface (Brown and Lester, 1982; Scott and Palmer, 
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1988) with the sorbates (Selatnia et al, 2004). For biosorption, there is no 
transformation and degradation of compounds occurred by microorganism (Lai, 1997). 
Bacteria and fUngi are widely used as sorbents because of their rapid and easy growth 
and their relatively larger surface area to volume ratio than other organisms (Lai, 1997). 
Moreover, if effluent is very toxic or conditions are unfavorable for the growth and 
maintenance of the microbial population, then use of biomass becomes an advantage 
(Nigam et al., 2000). Also, it is environmental friendly as no sludge is produced and it 
can be applied in situ with proper design (Tewari et aL, 2005). Some examples of 
biosorption of azo dyes by bacteria and fungi are listed in Table 1.4. For all of them, 
100% dye removal cannot be achieved, so this biological method is usually integrated 
with other treatment methods, e.g. photocatalytic oxidation (Cheng, 1998). 
Sorption of azo dyes by bacterial cells is fast, feasible and promising (Hu, 1992). The 
sorption by bacterial cells is mainly performed by cell wall. Many of them performed 
sorption during stationary phase when exopolysaccharides are produced (Hu, 1992; 
Vandevivere and Kirchman, 1993). Exopolysaccharides are polyanionic as they are 
composed of some D-glucose, D-galactose and D-maimose. Therefore, dyes with 
electrophilic groups, e.g. reactive dyes can be adsorbed (Vandevivere and Kircman, 
1993). Dye sorption can also be performed by bacterial cells in earlier growth stage, e.g. 
sorption of reactive dyes was better in earlier growth stage of Aeromonas sp. (Hu, 1992). 
Previous study has reported that sorption by fungal biomass was 100-fold more effective 
than activated sludge in removal of dyes (Brahimi-Hom et al., 1992). Chitin and 
chitosan are the major cell wall components of most flingi (Gooday, 1989; Roberts, 
1992), which are the main binding sites of dyes. The structure of chitin is poly [(3-(l-4)-
2-acetamido-2-deoxy-D-glucopyranose] (Brahimi-Hom et al., 1992; Roberts, 1992) 
while chitosan is produced by alkaline deacetylation of chitin (Gooday, 1989; Park Qt al” 
1995). They are polycationic in nature due to the presence of amino and carbonyl groups 
substituted to the hydroxyl groups (Holland, 1989; Sanford, 1989). Using reactive dyes 
as an example, sorption performed under the alkaline conditions is poor as the 
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Table 1.4 Examples of biosorption of dyes. 
Organisms References 
1. Bacteria 
Rhodococcus sp. Groff and Kim, 1989 
Aeromonas sp. Hu, 1992; Hu, 1996 
Streptomyces BW 130 Zhou and Zimmermann, 1993 
Pseudomonas luteola Hu, 1996; Chen, 2002 
Bacillus subtilis Hu, 1996 
Escherichia coli Hu, 1996 
2. Fungi 
Myrothecium verrucaria Mou et al, 1991 
Ganoderma sp. Mou et al, 1991 
Botrytis cinerea Polman and Breackenridge, 1996 
Endothiella aggregata Polman and Breackenridge, 1996 
Geotrichumfici Polman and Breackenridge, 1996 
Rhizopus oryzae Polman and Breackenridge, 1996 
Rhizopus arrhizus Gallagher et al，1997 
Phanerochaete chrysosporium Bumpus and Tatarko, 1998 
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cationic chitinous polymer will repel the dye molecules (Holland, 1989; Sanford, 1989). 
Better sorption is reported under acidic conditions (Viraraghavan et al., 2001), because 
more protonated amine group are available for binding of sulphate groups of reactive 
dyes (Roberts, 1992). 
1.4.3.3.1 Modeling of sorption 
Sorption using different sorbents for different sorbates may show different equilibrium 
isothems. Both Langmuir and Freundlich sorption isotherms are the most widely used 
isotherms for modeling of equilibrium (Arica et al., 2003; Tewari et al., 2005), both of 
which are monolayer sorption models. 
1.4.3.3.1.1 Langmuir sorption model 
The Langmuir isotherm assumes that only monolayer sorption on a surface containing a 
finite number of identical sites occur (Arica et aL, 2003; Tewari et al., 2005). It 
characterizes homogenous sorption: (1) uniform energies of sorption over the surface of 
sorbents; (2) no transmigration of sorbates in the plane of the surface; (3) no interaction 
between the sorbed molecules (Scott and Karanjkar, 1995; Lai, 1997; Voudrias et al., 
2002; Selatnia et al., 2004). The Langmuir model can be expressed as 
Ce/qe = 1/bqmax + Ce/qmax (LI) 
where Ce is the equilibrium concentration of sorbates in bulk aqueous phase after 
sorption (mg/L); qe is the amount of sorbates adsorbed per unit dry weight of sorbent at 
concentration Ce (mg of sorbates/g of sorbent); qmax represents the theoretical maximum 
uptake of sorbates per unit dry weight of sorbent (mg of sorbates/g of sorbent); b denotes 
the sorption affinity constant related to energy of sorption (L/mg). qmax and b can be 
determined from the slope and y-intercept of a plot of Ce/qe against Ce respectively. The 
sorption constant can be used for comparison the sorption behavior in different sorbate-
sorbent systems (Arica et al., 2003; Tewari et al., 2005). 
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1.4.3.3.1.2 Freundlich sorption model 
Freundlich sorption isotherm characterizes the heterogeneous sorption, i.e. the binding 
sites are not equivalent and/or independent (Tewari et al., 2005). The sorbed sorbates 
may interact with each other (Arica et al., 2003) and the energy varies as a function of 
the surface coverage, and hence variation of the heat of sorption (Scott and Karanjkar, 
1995; Lai, 1997). The model can be expressed as: 
log qe = log k + 1/n log Ce (1.2) 
where qe is the amount of sorbates sorbed per unit dry weight of sorbent at concentration 
Ce (mg of sorbates/g of sorbent); Ce represents the equilibrium concentration of solute in 
bulk aqueous phase after sorption (mg/L); k and n are empirical constants which k is the 
sorption capacity and n is the sorption intensity. Constants n and k can be determined 
from the slope and y-intercept of the plot of log qe against log Ce (Scott and Karanjkar, 
1995). The magnitude of n indicates the suitability of the system for sorption. If n�l，it 
means that the sorption is favorable, k is related to the capacity of sorbent for the sorbate 
(Scott and Karanjkar, 1995). 
1.4.4 Advanced oxidation processes 
Glaze et al. (1987) first introduced advance oxidation processes (AOPs) (Cheng, 1998), 
which are very effective and promising technology for the treatment of dye-containing 
wastewater (Shu et al, 1994; Cheng, 1998; Ince, 1999; Arls et al, 2002; El-Dein et al” 
2003; Hu et al., 2000; So et al., 2002; Hu et al, 2003b; Comparelli et al, 2005). Ozone, 
ozone/H202, UV, UV/ozone, UV/H2O2, Fenton's reagent and photocatalytic oxidation 
(PCO) belong to AOPs. They are a group of chemical reactions involve the generation of 
highly reactive radicals; mainly hydroxyl radical (•OH) for the destruction of pollutants 
(Ince, 1999; Hao et al., 2000; Esplugas et al., 2002). High oxidation potential (2.8 eV) 
of hydroxyl radical (Chiron et al., 2000) can oxidize many different kinds of organic 
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pollutants to achieve complete mineralization (Esplugas et al., 2002) or increase the 
biodegradability of organic pollutants (Chiron et aL, 2000). 
1.4.4.1 Photocatalytic oxidation 
Among the different kinds of AOPs systems, much attention has focused on 
photocatalytic oxidation of azo dyes using TiO� particles under UV or visible light 
(Hustert and Zepp, 1992; Vinodgopal et al., 1996; Goncalves et aL, 1999; Liu et al., 
1999; Liu et al., 2000; Tanaka et al., 2000; Wang, 2000; Vautier et al, 2001). Some 
examples are listed in Table 1.5. It exhibits some attractive characteristics: able to 
eliminate various hazardous organic wastes even in the |ig/L or low mg/L range 
(Crittenden et al； 1996; Ma et al., 2001); destroy highly recalcitrant azo dyes within 
hours (Mills et al., 1993) to CO2 and mineral ions rather than forming toxic aromatic 
amines in time-consuming biodegradation (So et aL, 2002); degradation can be 
performed at ambient temperature (So et al., 2002); it is a cost-effective alternative of 
azo dyes as pre or post-treatment of biological treatment process (Hu et al, 2003a). 
1.4.4.2 Titanium dioxide (TiOi) 
Titanium dioxide (TiO�）is a widely used photocatalyst (Jardim et al., 1997; 
Konstantinou et al., 2002) in heterogeneous PCO reactions. It is a semiconductor that 
can absorb long wavelength UV light energy (i.e. 300-400 nm). The attractive 
characteristics of it includes: high photocatalytic efficiency with maximum quantum 
yields (Pelizzetti, 1995) because of its suitable thermodynamic position of the valence 
and conduction bands (Yu et al., 2000); relatively stable to photocorrosion and chemical 
corrosion (Zhang et al., 1998; Yu et aL, 2000; Ma et al., 2001; Zielinska et al., 2003); 
reusable and inexpensive (So et al., 2002) and non-toxic (Pugh et al., 1995; Zielinska et 
al” 2003). The first application of Ti02 in photocatalytic processes was in the 1970s but 
it was widely used only after 1983 when enhancement of organic pollutant oxidative 
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Table 1.5 Azo dyes that have been treated by photocatalytic oxidation. 
Azo dyes References 
Reactive Black 5 Reutergardh and langphasuk, 1997; 
Kusvuran et al., 2005 
Orange G, Acid Orange 7，New Coccine, Tanaka et al., 2000 
Acid Black 1，Tartrazine, Acid 
Yellow 17, Congo Red 
Reactive Brillant Red K-2G Hu and Wang, 1999; Wang, 2000; 
Hu et al., 2003b 
Reactive Brillant Red K-BP and Reactive Wang, 2000 
Yellow KD-3G 
Procion Red MX-5B Lizama et al, 2001; So et al., 2002; 
Hu et al., 2003b; Hu et al., 2003c 
Methyl Red and Methyl Orange Comparelli et al., 2005 
Reactive Yellow 2, Reactive Orange 16 Lizama et al, 2001 
Cationic Blue X-GRL Hu and Wang, 1999; Hu et al., 
2003a; Hu et al., 2003c 
Orange G Arls et al., 2002 
Direct Fast Scarlet 4BS, Acid Red 3B Zhu et al； 2000 
Reactive Red 198, Acid Black 1 Zielinska et al., 2003 
Reactive Red 15，Reactive Red 24 Hu and Wang, 1999 
Azure B Couto et al., 2002 
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mineralization by Ti02 was recognized (Ma et al, 2001). The properties of TiO] are 
shown in Table 1.6. 
1.4.4.3 Mechanism of photocatalytic oxidation using photocatalyst TiOi 
The mechanism of PCO using TiO� is presented in Figure 1.4 and Equations 1.3-1.7 
(Crittenden et al., 1996; Yu et al., 2000; So et al., 2002). When irradiation of ultraviolet 
region with wavelength below 380 nm is shined on TiO】，electron in the valence band is 
excited to the conduction band, leaving positively charged holes behind in the valence 
band, and hence hole and electron pairs are formed (Equation 1.3) (So et aL, 2002). 
They may either recombine, releasing heat or migrate or further react with water and 
oxygen molecules under a series of redox reactions (Equations 1.4-1.7) (Halmann, 1996; 
Takeda and Fujiwara, 1996). The electron reacts with oxygen (Equations 1.6); while the 
hole reacts with water molecules or hydroxide ions (OH ) (Equations 1.4 and 1.5). Under 
a series of reactions, strong oxidizing agents, predominately hydroxyl radical (•OH) and 
superoxide radical (•O2") are generated (Chiron et aL, 2000; So et aL, 2002). Hydroxyl 
radicals (•OH) are a short-lived but extremely potent oxidizing agent (Jardim et al, 
1997). 
The mechanism of PCO: 
TiOi + hv -> hVb)+e"(cb) (1.3) 
h+(vb) + H2O •OH + ir' (1.4) 
hVb) + OH -» •OH (1.5) 
e (cb) + O2 — • O2 (1.6) 
2 #02 + 2 H2O — 20H + 2 •OH + O2 (1.7) 
Oxygen acts as electron acceptor to prolong the recombination of electron-hole pairs 
during PCO (Yu et al； 2000; So et al； 2002). Moreover, the degradation efficiency can 
be enhanced with the addition of suitable amount of hydrogen peroxide (H2O2) (Ince, 
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Table 1.6 Properties of Ti02. 
Characteristics References 
Band gap energy (eV) 32 Zhang et al, 1998; Baudin et al., 2000 
Absorption spectrum (nm) < 380 Baudin et al., 2000 
Particle size (nm) 20-30 Arslan et al., 2000; Zielinska et al., 
2003 
Isoelectric point 6.8 Zhang et al., 1998 
Crystalline phases Anatase, brookite Yu et al, 2000; Zielinska et al, 2003 
and rutile 
Specific surface area 52 Zielinska et al., 2003 
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Figure 1.4 A schematic diagram of the initial mechanism of photocatalytic oxidation 
after UV irradiation on the Ti02 (Halmann, 1996). 
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1999) as more •OH will be generated as expressed in Equations 1.8-1.11 (Cornish et al., 
2000). It is cost-effect as H2O2 is inexpensive (So et al., 2002). 
2e(cb) + O2 + — H2O2 (1.8) 
H2O2 + e(cb) •OH + OH (1.9) 
H2O2 + #02" •OH + OH + O2 (110) 
H z O i + h v ^ 2 •OH (1 11) 
1 
Three mechanisms are proposed to be involved in PCO of azo dyes. The first one is 
oxidation of azo dyes by positive holes or hydroxyl radicals and superoxide radicals. 
The second one is reduction of azo dyes by conduction band electron. The third one is 
electron injection from azo dyes to conduction band, to a lesser extent, is purposed to be 
involved (Tang and An, 1995; Reutergardh and langphasuk, 1997; Tanaka et al., 2000; 
Hu et al, 2003a). For the first mechanism, some believe that the oxidation of organic 
compounds is initiated by free radicals in the aqueous solution while the other suggests 
that the organic compound is first adsorbed on the catalyst surface and then reacts with 
excited hole and electron pairs or hydroxyl radicals from adsorbed water to form the 
final products (Yang et al., 2001). More recent studies support the latter proposal (Vidal, 
1998; Yang et al, 2001; Zielinska et al., 2003). 
1.4.4.4 Photocatalytic oxidation ofs-triazine containing compounds 
5-Triazine compounds consist of aromatic six-membered ring with alternating C and N 
atoms and different substituents (Ernst and Rehm, 1995). Many studies found that 
cyanuric acid (CA) was formed as the dead end product of PCO treating 5-triazine 
containing compounds like herbicides (Pelizzetti et al., 1990; Tetzlaff and Jenks, 1999; 
Chan, 2002a; Bozzi et al., 2004), dyes (Hu and Wang, 1999; Wang, 2000; So et al., 
2002) and explosives (Lee et al, 2002) even with a prolonged irradiation. Also, CA is 
the central metabolite in many AOPs (Pelizzetti et al., 1990; Pelizzetti, 1995; Chiron et 
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al； 2000; Esplugas et al., 2002) and biodegradation of 5-triazine compounds (Boundy-
Mills et al., 1997; Seffemick et al, 2000). It is reported that CA is difficult to be 
chemically oxidized, which is the major mechanism used in photocatalytic degradation 
of target pollutants (Oh and Senks, 2004). 
1.4.4.5 Photocatalytic oxidation of Procion Red MX-5B 
Azo dyes with 5-triazine group are particularly important as the 5-traizine component is 
well-known for resistance to light-induced fading (Hu et al, 2003b). In this study, 
highly water soluble monoazo dye, MX-5B, with maximum absorbance at 538 nm was 
selected as a model component for treatment of PCO (Figure 1.5) of 5-triazine 
containing azo dye because it is widely used for dyeing cellulose, nylon, silk and wool 
(So et al” 2002). Also, it is a reactive dye, which is the most problematic class of azo 
dyes as described previously. 
It has been reported that complete decolorization of 100 mg/L of MX-5B was achieved 
after 120 min irradiation (Hu et al., 2003b) while above 90% decolorization of 40 mg/L 
of dye was achieved after 10 min irradiation (So et al； 2002). Therefore, it seems that 
PCO is very effective in decolorization of this dye. 
H H 
O N ^ N 
NaOgS ^ ^ ^ ^ SOgNa 
Figure 1.5 Chemical structure of Procion Red MX-5B (MX-5B) with a molecular weight 
of615.34. 
Degradation mechanisms of MX-5B have been studied, which can be divided into three 
steps. The first step is the hydroxylation of C-N single bond between the azo group and 
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benzene or naphthalene ring and C-S bond of sulfonate group linked to benzene, 
forming aliphatic and aromatic acids such as malic acid, propanoic acid, 2-hydroxy-
benzoic acid and 3-hydroxy-benzeneacetic acid (Hu et al, 2003b). Desulfuration and 
decolorization proceeded at almost the same rate simultaneously. For the second step, 
groups linked to the triazine ring are replaced by hydroxyl groups, forming cyanuric acid 
as dead end product. Meanwhile, aromatic acids were hydroxylated and aromatic rings 
were cleaved to aliphatic acids. For the last step, aliphatic acids were further oxidized to 
carbon dioxide and water (Hu et al” 2003b). 
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1.4.4.6 Cyanuric acid 
1.4.4.6.1 Application 
2,4,6-trihydroxy-1,3,5-triazine (cyanuric acid) (CA) has been widely used for 
stabilization of chlorine in swimming pool since 1950s (USEPA, 1992). Moreover, it is 
a standard ingredient for household's bleaches, institutional and industrial cleansers, 
automatic dishwasher compounds and chlorine stabilizers. Over 250 million pounds of 
CA and chlorinated isocyanurates are manufactured every year industrially (Cantii et al, 
2000). 
1.4.4.6.2 Toxicity 
CA occurs as a mixture of keto and enol tautorners in solution (Cantii et al, 2000). In 
acidic to neutral medium, keto form (known as isocyanuric acid) (Figure 1.6) exist 
predominantly while enolic tautorners are predominant under alkaline conditions (Cantii 
et al., 2000; Oh and Senks, 2004). The properties of CA are tabulated in Table 1.7. The 
acute toxicity of CA was reported by National Institute for Occupational Safety and 
Health (NIOSH) (Table 1.8). The symptoms of human exposure to CA include slight 
irritations of respiratory system, skin and eye (NIOSH, 2000). Although the toxicity of 
CA is mild, it can readily transform to chloro-isocyanurates which are much more toxic 
than CA (TerraBase Incorporation, 2001). A^-Chlorination in the presence of NaOH 
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Figure 1.6 Chemcial structures of keo (1) and enol (2) tautomers of cyanuric acid and 
synthetic pathway to form monochloro- (3), dichloro- (4) and trichloro- (5) 
isocyanurates (Cantii et al., 2000). 
Table 1.7 The physicochemical properties of cyanuric acid (Koebel and Elsener, 1995; 
CHEMWATCH, 2000; NIOSH, 2000). 
Properties 
CAS registry number 108-80-5 
Molecular formula C3H3N3O3 
Molecular weight 129.1 
Appearance White hygroscopic crystals 
Melting point >330°C 
Boiling point Not available 
Water solubility 2.7 g/L (at 25°C) 
Vapour pressure �0 mmHg (at 20°C) 
Density 2.5 g/crn' (at 20°C) 
pKa 6.5 (at 210c) 
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Table 1.8 Toxicity of cyanuric acid (CHEMWATCH, 2000; NIOSH, 2000). 
Testing organisms Route LD50 
Intravenous mouse Mouse >500 mg/kg 
Intravenous rat Rat > 100 mg/kg 
Oral mouse Mouse 3,400 mg/kg 
Oral rat Rat 7,700 mg/kg 
Oral Rabbit 10,000 mg/kg 
Dermal Rabbit > 5,000 mg/kg 
and chlorine gas (Cantii et al., 2000) at the three N atoms of CA yields chloro-
isocyanurates like trichloro-isocyanuric acid (TCCA) and dichloro-isocyanuric (DCCA) 
acid (USEPA, 1992). They are mainly used as disinfectants in swimming pools, 
sanitizers in households and bleaches in dyeing industries (USEPA, 1992). The 
symptoms of human exposure to TCCA are similar to CA (USEPA, 1992). However, 
TCCA is more toxic. For examples, the LD50 of TCCA (oral exposure) towards rat is 
400 mg/kg while that of CA is 7,700 mg/kg. In addition, the EC50 of TCCA towards 
Vibrio flscheri is 0.45 mg/L (5min) and 0.53 mg/L (15 min) (TerraBase Incorporation, 
2001)，while are much lower than 900 mg/L in both 5 and 15 min exposures of CA 
(Chan, 2002a). 
1.4.4.6.3 Photocatalytic oxidation resistance 
CA is reported to be a dead end product of the PCO or other AOPs treating triazine-
containing compounds as mentioned previously (Herrmann, 1999). It is highly resistant 
to hydroxyl radical (•OH) attacked that prevent further photodegradation (Pelizzetti et 
al., 1990; Pelizzetti, 1995; Minero et al., 1997; Chiron et al., 2000). There are few 
hypothesis proposed for the resistance of CA. First of all, the carbon atoms in triazine 
ring of CA are already fully oxidized, so it cannot further react with the oxidants 
(Minero et al., 1997; Oh and Senks, 2004). However, this is contradicting to the fact that 
urea can also be completely photodegraded even the carbon atoms of urea are in CO2 
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oxidation state (Tetzlaff and Jenks, 1999). The second hypothesis is that the degradation 
might only remove one of the phenolic hydrogen atoms directly or sequentially by 
electron and proton loss. The phenolic-type radical might be stable before it can pick up 
an electron again to form its conjugate base or starting materials (Oh and Senks, 2004). 
However, it argues with the fact that many aromatic compounds can also be 
hydroxylated in PCO reaction. The third one is that reactions occur by addition of •OH, 
which is reversible and yields only the original CA. However, it was refuted by the 
finding that there was lack of exchange of O^^  in the medium with CA under PCO 
reaction (Tetzlaff and Jenks, 1999). The last one is CA cannot adsorb onto TiO] 
significantly, where degradation of organic compounds is usually taken place on or near 
to (Oh and Senks, 2004). Some authors suggested that the last one is more likely to be 
true (Oh and Senks, 2004). 
1.4.4.6.4 Biodegradation 
Due to the toxicity of CA and chloroisocyanuric acid, the spent solution of AOPs or 
PCO treated 5-traizine-containing compounds should be treated properly before 
discharge (Halmann 1996). As a matter of fact, CA can be degraded biologically by 
different microorganisms (Ernst and Rehm, 1995; Radosevich et al., 1995; Halmann 
1996； Oh and Senks, 2004) using amidohydrolase to form biuret and urea (Radosevich 
et al., 1995), which can be further mineralized to CO2 and ammonia (Ostrofsky et aL, 
2001) (Figure 1.7). Therefore, commercially available, environmental friendly and less 
expensive biodegradation can be used a post-treatment of PCO reaction in order to 
completely degrade CA (Hu and Wang, 1999). 
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Figure 1.7 Cyanuric acid degradation by niicroorganism(s) (Ernst and Rehm, 1995; 
Halmann, 1996; Ostrofsky et al, 2001). 
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In order to increase the efficiency of the PCO degradation process, sorbents can be used 
to concentrate the dye before PCO (Cheng 1998). Previous studies have shown that the 
use of activated carbon before PCO enhance the rate of complete degradation of 
propyzamide (Tsukasa et al., 1996) as sorption can concentrate the target pollutants and 
hence increase the chance of collision with TiO] (Cheng, 1998). Other than activated 
carbon, sorption of azo dye by bacterial cells before PCO reaction could effectively 
enhance the rate of PCO of azo dye by about 20% (Cheng, 1998). Meanwhile, using 
sorbent can also avoid the secondary pollution caused by the intermediates produced 
during,the course of photodecomposition of target pollutants (Tsukasa et al., 1996). The 
advantages of using bacterial cells as sorbent are discussed previously. 
1.4.4.7.2 Immobilization of TiO� 
Practically, large scale application of freely suspended TiO� needs recovering before 
discharge to the environment (Xi and Geissen, 2001; Couto et al., 2002). However, 
separation ofTiOi from the milky dispersions is expensive (Hu et al, 2000). To enhance 
the reusability (Chang et al., 2001) and ease of separation (Roig et al, 1998), 
immobilization of TiCb on/with many different kinds of supporters has been developed. 
For examples, glass beads, muscovite bead, alginate bead and quartz tube and zeolite 
(Zhu et al, 2000; Lizama et al., 2001; Kim et al, 2002). Another advantage of 
immobilization is that it can shorten the distance between TiO� and sorbed dye 
molecules as both of them are present in the immobilized materials. Since degradation of 
dyes takes place at or near to the catalyst particle surface, rather than in bulk solution 
(Hu et aL, 2003b), shortening the distance of the dyes molecules with TiCb is very 
important. Indeed, immobilized catalyst showed a good activity for degradation of 
complex molecules (Lizama et al., 2001). For example, photodegradation of azo dyes 
using ZnO immobilized with alginates gel was very effective: 61% of color removal for 
4 mg/L of dye can be achieved in 90 min (Couto et al., 2002). In addition, immobilized 
systems may offer some more advantages over the freely suspended cells or TiO�， 
including higher density of TiO! and sorbents in the reactor (Hulst et al., 1985; Hunik et 
al” 1993； Roig et al., 1998); easy handling (Mariano and Howard, 1999); ease of use in 
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continuous reactors and ability to scale up (Hulst et al., 1985; Hunik et al” 1993); 
improve sorption capacity (Aksu et al., 1998; Arica et al, 2003). Adsorption, covalent 
binding, entrapment, encapsulation and crosslinking are the five principal methods for 
immobilization of cells (Bickerstaff, 1995). 
Entrapment by alginate is one of the simplest (Fraser and Bickerstaff, 1997) and widely 
used (Steffan et al； 2005) method in immobilization. Many reports indicated that 
entrapment allows a maximum cell concentration in the immobilization support 
(Monbpuquette et al, 1990; Wang et al, 1995; dos Santos et al., 1996). It is widely used 
for treating wastewater includes sorption of metal ions by immobilized fungi, e.g.，Pb (II) 
and Zn (II) by Phanerochaete chrysosporium (Arica et al., 2003) and algae e.g. Cu (II) 
by C. vulgaris (Aksu et al, 1998); biodegradation of xenobiotics like phenol (Bettman 
and Rehm, 1984; Pai et al., 1995), aromatic compounds, e.g. toluene, benzene, 
chlorobenzene and naphthalene (Mariano and Howard, 1999)，dyes such as Ethy Orange 
(Steffan et al., 2005) and Reactive Red 22 (Chang et aL, 2001); sorption of azo dyes like 
Reactive Red 2 (Lai, 1997). 
Alginates are natural polysaccharides that can be found in some species of bacteria 
(Morris 1986) and all species of brown algae (McNeely and Pettitt, 1973). It is a 
polyuronic acid composed of 1, 4-linked a-L-guluronic acid (G) and p-D-mannuronic 
acid (M) arranging themselves in alternating blockwise patterns comprised of 
homopolymeric regions (MM blocks and GG blocks) interspersed with alternating 
regions of heteropolymeric regions (MG blocks, Figure 1.8) (Smidsr0d, 1974). The 
overall composition and blocks patterns depend on the source (Arica et al., 2003). Gel 
strength is related to G content, varies from 20-75% depending on the source of seaweed 
(Fraser and Bickerstaff, 1997). Preferential binding sites for divalent cations like Ca^ "" 
Co2+，Fe2+，Fe3+，Al^ +in GG blocks leads to the formation of linkages and hence gel 
formation (Fraser and Bickerstaff, 1997; Draget et al； 1998). 
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Figure 1.8 The structure of alginates composed of 1, 4-linked a-L-guluronic acid (G) 
and P-D-mannuronic acid (M) (Fraser and Bickerstaff, 1997). 
There are a number of advantages for using calcium alginate for immobilization of 
bacterial cells. It is non-toxic to the imbedded cell (Fraser and Bickerstaff, 1997; Yang 
and Wright, 1999; Albarghouthi et al, 2000; Steffan et al., 2005; rapid (Park and Khang, 
1995); inexpensive and widely available (Aksu et aL, 1998); versatile (Nilsson, 1987); 
biochemical inert and mechanically stable with interstitial spaces that are suitable for 
immobilization (Cheetham et al., 1979); open lattice provide high porosity for larger 
substrates and efficient exchange of substrates and products (Fraser and Bickerstaff, 
1997); environmental friendly as it comes from natural origin and it is biodegradable 
(Arica et al., 2003); the method of gelation is mild to the microorganisms (Cohen 2001; 
Kourkoutas et al., 2004); and non-destructive recovery is possible (Aksu et al., 1998). 
In addition, the beads are stable for long periods. They can tolerate at pH 3-10 at 25°C 
and their thermal stability is good as they can withstand incubation of temperatures up to 
85°C at pH 7 (Fraser and Bickerstaff, 1997). Last but not least, it is a good model for 
testing the behavior of immobilized cells in laboratory as alginate are closely related 
with many other synthetic hydrogels such as polyvinylalcohol (Roig et al., 1998). 
1.4.8 Integration of treatment methods 
With reference to the previous discussion, all physical, chemical and biological 
treatment methods of azo dyes have their own advantages and limitations for 
decontamination. In fact, one single treatment cannot eliminate all contaminants in 
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wastewater (Hu and Wang, 1999) effectively and economically. Integration of different 
treatment methods seems to advance the efficiency of remediation (No and Meyers, 
2000) of azo dyes. 
In this study, sorption, PCO and biodegradation is integrated in order to completely 
remove a triazine-containing azo dye, MX-5B. Sorption of MX-5B is integrated with 
PCO in order to enhance the rate of degradation. Then, photocatalytic degradation of azo 
dye is carried out with the formation of CA as the dead end product, which will undergo 
biodegradation by an isolated CA-degrading bacterium. 
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2. Objectives 
In this study, bacteria isolated from activated sludge sample were enriched, purified and 
screened for Procion Red MX-5B (MX-5B)-sorbing and CA-utilizing abilities. Potential 
candidate was chosen for further study and bacterial identification was performed. 
For sorption, physicochemical conditions affecting cell yield and dye removal capacity 
of the selected dye-sorbing bacterium were optimized. For cell yield, these factors 
include glucose concentration, growth temperatures and pH. Effect of growth phase, dry 
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weight of sorbent, temperature, agitation rate, salinity, MX-5B concentration and initial 
pH were optimized for the dye removal capacity. 
The biomass of Vibrio sp., the selected MX-5B-sorbing bacterium, was immobilized by 
calcium alginate together with TiO!. Photocatalytic oxidation (PCO) was carried out 
after the sorption of MX-5B by the immobilized mixture. Effects of the amount of 
immobilized cells, immobilized titanium dioxide (TiO�）concentration, initial pH in the 
presence and absence of H2O2, UV intensity and H2O2 concentration were studied to 
improve the rate of PCO reaction. Meanwhile, the experiment conditions, i.e. 
concentration of immobilized TiO�，dry weight of immobilized bacterial cells and the 
number of beads, were also optimized for sorption of MX-5B. 
The formation of cyanuric acid (CA) during PCO reaction was monitored using high 
performance liquid chromatography (HPLC). CA formed was then collected and further 
degraded by the isolated CA-degrading bacterium. In order to improve the CA 
degradation efficiency of the isolated bacterium, optimization of several parameters 
including, salinity, initial CA concentration, temperature, agitation rate, initial pH and 
glucose concentration were studied. The growth of CA-degrading bacterium was 
monitored by spectrophotometry, while the CA degradation was measured by HPLC. 
Under the optimal conditions, sorption, PCO and biodegradation were integrated 
together to completely remove MX-5B. 
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3. Materials and Methods 
3.1. Sorption 
3.1.1 Chemical reagents 
Procion Red MX-5B (MX-5B) (50% purity) (Plate 3.1) was purchased from Aldrich 
Chemical Company (Milwaukee, Wisconsin, USA). Sodium chloride (NaCl), calcium 
chloride (CaCl2.2H20), magnesium sulphate (MgSCU-71120) and glucose were obtained 
I 
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from Riedel-de Haen (Seeize，Germany). Bacto yeast extract and Bacto agar were 
obtained from Difco Laboratories (Detroit, Michigan, USA). Bacto™ peptone was 
obtained from Difco Laboratories (Sparks, Maryland, USA). Ferrous chloride (FeCla) 
was obtained from Ajax Chemicals Ltd (Sydney, Australia). Trizma® base and 
ammonium chloride (NH4CI) were purchased from Sigma Chemicals (St. Louis, 
Missouri, USA). Artificial sea salts was obtained from Aquarium Systems (Sarrebourg, 
France). All the seawater was filtered by 1.2 mm GF/C filter paper before use. Sodium 
hydroxide (NaOH) (Riedel-de Haen, Seeize, Germany) and hydrochloric acid (HCl) 
(BDH Laboratory Supplies, Poole, England) were used for pH adjustment in the 
experiments. Milli-Q water used in experiments was provided by Milli-Q Academic 
Water System and reverse osmosis system (ultrapure ionex cartridge with millipak， 
Millipore, Bedford, Massachusetts, USA). All the chemicals were used directly without 
further purification. 
Screening medium (SM) and peptone yeast extract (PY) agar used for experiments were 
prepared with ingredients listed in Appendix. 
3.1.2 Determination of Procion Red MX-5B 
Absorbances of MX-5B were measured by a Milton Roy Spectronic 601 
spectrophotometer (Rochester, New York, USA) (Plate 3.2) at 538 nm. Solution of 25 




Plate 3.1 Procion Red MX-5B powder. 
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Plate 3.2 A Milton Roy Spectronic 601 spectrophotometer 
(Rochester, New York, USA). 
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artificial seawater of 15%o. They were then serially diluted to 25, 12.5, 6.25, 3.13, 1.57 
and 0.78 mg/L respectively. Filtered artificial seawater acted as blank. Concentration of 
dye was deducted from a standard curve by plotting their corresponding absorbance 
against different concentrations respectively. 
3.1.3 Sampling 
Activated sludge sample (Plate 3.3) was collected from the outlet of aeration tank (Plate 
3.4) in Tai Po sewage treatment plant (Hong Kong SAR, China) in the late of December. 
The collected sample was placed into a 250 mL sterilized Duran bottle. 
3.1.4 Isolation of Procion Red MX-5B-sorbing bacteria 
Sample was diluted to 10。，lO], 10'^ 10"^ lO""^  and 10'^  with sterilized saline (0.85% 
sodium chloride). Aliquot of 0.1 mL of each diluted samples was spread on screening 
medium (SM) plate containing 50 mg/L of MX-5B. After incubation for one week at 
30°C, red-colored colonies were selected. They were then streaked to SM plate with and 
without dye to confirm the color production. 
3.1.5 Screening of Procion Red MX-5B sorption ability 
All sorption experiments were performed by using batch systems. For newly isolated 
bacteria, a colony was streaked to PY agar followed by incubation at 30°C for one day. 
A colony was then inoculated into 400 mL screening medium in 1,000 mL of 
Erlenmeyer flask for 48 h at 30°C in a compact shaker (modal KS-15, Edmund Biihler, 
Dreieich, Germany) within an incubator hood (modal TH-10, Edmund Biihler, Dreieich, 
Germany) running at 200 rpm. Bacterial cells were then harvested by centrifUgation at 
10,000 rpm for 15 min. The cell pellet was washed by sterilized saline twice and then 
resuspended in 5 mL of 15%o filtered artificial seawater of initial pH 7. Twenty five mL 
of 100 mg/L of MX-5B was prepared with 15%o filtered artificial seawater in a 125 mL 
Erlenmeyer flask. The initial pH was adjusted to initial pH 7 by a pH meter (Orion EA 
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Plate 3.3 Activated sludge 
collected in a 250 mL Duran bottle. 
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Plate 3.4 The outlet of the aeration tank of Tai Po 
sewage treatment plant. 
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940, Boston, Massachusetts, USA). The initial absorbance of dye was measured by a 
spectrophotometer at 538 nm. Bacterial suspension of 2.5 mL was added to the prepared 
dye solution and shaken at 30�C and 200 rpm for 120 min. One mL of sample was 
collected at 0, 30 and 60 minutes respectively. The absorbance of the supernatant was 
measured after the samples were centrifuged at 13,000 rpm for 5 min. Another 2.5 mL 
of cell suspension was washed twice with 2.5 mL Milli-Q water and then resuspended in 
2.5 mL Milli-Q water. Then it was transferred into a pre-weighted aluminum cup. The 
dry weight of the bacterial cells was determined after drying the cell suspension at 
105°C for 24 h. The control experiment was performed by adding 2.5 mL of 15%o 
I 
artificial seawater into the prepared dye solution instead of bacterial cells. The initial and 
final absorbances of the supernatant were converted into dye concentration (mg/L) for 
calculation. The dye sorption ability was expressed in terms of dye removal capacity 
(RC). Equation 3.1 of dye RC was shown below: 
RC (mg/g) = {([dye],nitiai- [dye]finai (mg/L)} x V (L)/ W(g) (3.1) 
Where, RC = removal capacity (mg of MX-5B/g of dried cells) 
[dye]initial or [dye]finai = initial or final MX-5B concentration 
V = volume of dye-bacterial mixture (V=0.027L) 
W 二 dry weight of bacterial cells 
After the preliminary screening, four potential bacterial strains with better RCs were 
selected. The above procedures were repeated for these bacterial strains except 1 mL of 
sample was collected at 0, 30, 60, 90 and 120 min and triplicates were performed. The 
data were analyzed by one way ANOVA followed by Tukey test (p<0.05) (Jandel 
Corporation, Chicago, Illinois, USA). 
3.1.6 Identification of isolated bacterium 
The bacterium with the best sorption capacity from Section 3.1.5 was identified by the 
MIDI Sherlock® Microbial Identification System (MIDI Inc., Newark, USA), the Biolog 
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MicroLog™ System (Biolog，Inc., Hayward, California, USA) in the Chinese University 
of Hong Kong and the 16S rDNA identification method (conducted by the Hong Kong 
University of Science and Technology). 
3.1.7 Optimization of cell yield and sorption capacity 
From the results of screening tests, Vibrio sp. identified in Section 3.1.6 was chosen for 
further optimization. All the reactions were performed in triplicates and the data were 
analyzed by one way ANOVA followed by Tukey test (p<0.05) (Jandel Corporation, 
J 
Chicago, Illinois, USA). 
3.1.7.1 Preparation of cell culture of Vibrio sp. 
A colony of Vibrio sp. was streaked to PY agar followed by incubation at 30°C for one 
day. A starting medium was prepared by inoculating a colony into 400 mL screening 
medium with 1 g/L glucose and initial pH 7 in 1,000 mL of Erlenmeyer flask incubated 
at 30�C and shaking at 200 rpm for 24 h. Then, 4 mL of cell culture was inoculated into 
400 mL screening medium in a 1,000 mL of Erlenmeyer flask incubated at 30°C and 
shaking at 200 rpm. 
3.1.7.2 Growth phase 
3.1.7.2.1 Growth curve 
Cell culture of Vibrio sp. was prepared as Section 3.1.7.1. When the absorbance started 
to increase, 1 mL of cell culture was sampled at 2 h intervals. Afterwards, sampling was 
taken at 4 h intervals. The cell density was measured as absorbance at 520 nm by a 
spectrophotometer for 60 h. 
3.1.7.2.2 Dye sorption capacity 
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All sorption experiments were performed by using batch system. Cell culture was 
prepared as Section 3.1.7.1. Four hundred mL cell culture grown for 14 h (early and mid 
log phase) was harvested by centrifugation at 10,000 rpm at 4 � C for 15 min. The cell 
pellet was washed by sterilized saline twice and then resuspended in 5 mL of 15%o 
artificial seawater of initial pH 7. Twenty five mL of 100 mg/L of MX-5B was prepared 
by 15%o filtered artificial seawater in a 125 mL Erlenmeyer flask. The initial pH of the 
dye solution was pH 7. The initial absorbance of dye was measured by a 
spectrophotometer at 538 nm. Bacterial suspension of 2.5 mL was added to the prepared 
dye solution and shaken at 30°C and 200 rpm for 120 min. One mL of sample was 
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collected at 0, 15, 30, 45, 60, 90 and 120 min respectively. The control experiment was 
performed by adding 2.5 mL of 15%o artificial seawater into the prepared dye solution 
instead of bacterial cells. The absorbance of the supernatant was measured after the 
samples were centrifuged at 13,000 rpm for 5 min. Another 2.5 mL of cell suspension 
was washed twice with 2.5 mL Milli-Q water and then resuspended in 2.5 mL Milli-Q 
water. It was then transferred into a pre-weighted aluminum cup. The dry weight of the 
bacterial cells was determined after drying the cell suspension at 105°C for 24 h. The 
initial and final absorbances of the supernatant were converted into dye concentration 
(mg/L) for calculation dye RC by Equation 3.1. The above procedures were repeated to 
determine the dye sorption capacity of cells harvested at the h (late log phase), the 
3isth (early stationary phase) and the h (late stationary phase) respectively. 
3.1.7.3 Initial pH 
3.1.7.3.1 Growth curve 
The cell cultures were prepared as Section 3.1.7.1, except SM with different initial pHs 
including pH 2, 4, 6, 7, 8 and 10 were used. One mL of cell culture was sampled at 0, 4, 
6, 8, 12, 24, 31, 48 and 52 h. The cell density was measured as absorbance at 520 nm by 
a spectrophotometer. 
3.1.7.3.2 Dye sorption capacity 
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The cell cultures were prepared as Section 3.1.7.1, except the initial pH of the cell 
cultures were 7 and 8 respectively. The effect of cell biomass grown in different initial 
pHs on sorption capacity was determined by the procedures described in Section 
3.1.7.2.2, except the cell cultures were harvested when the absorbance (A520nm) of the 
cell culture was around 0.6-0.7. 
3.1.7.4 Temperature 
3.1.7.4.1 Growth curve 
I 
The cell cultures were prepared as Section 3.1.7.1, except different incubation 
temperatures, i.e. 20, 25, 30, 35 and 40°C were tested. One mL of cell culture was 
sampled at 0, 6, 8, 16, 20, 24, 28, 32，36, 48 and 52 h. The cell density was recorded at 
A520nm by a spectrophotometer. 
3.1.7.4.2 Dye sorption capacity 
The cell cultures were prepared as Section 3.1.7.1, except the incubation temperatures 
were 20, 25, 30, 35 and 40�C. The effect of cell mass grown under different 
temperatures on sorption capacity was determined by the procedures described in 
Section 3.1.7.2.2 except the cell cultures were harvested when the Asionm of the cell 
culture was around 0.6-0.7. 
3.1.7.5 Glucose concentrations 
3.1.7.5.1 Growth curve 
The cell cultures were prepared as Section 3.1.7.1, except SM with 0.5, 1，2, and 5 g/L 
glucose concentration were used. One mL of cell culture was sampled at 0, 8, 12, 20, 24, 
28, 32, 36 and 50 h. The cell density was recorded at A520nm by a spectrophotometer. 
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3.1.7.5.2 Dye sorption capacity 
The cell cultures were prepared as Section 3.1.7.1, except SM with glucose 
concentrations of 0.5, 1, 2 and 5 g/L were used. The effect of cell mass grown under 
different glucose concentrations on sorption capacity was determined by the procedures 
described in Section 3.1.7.2.2 except, the cell cultures were harvested when A520nm of the 
cell culture was around 0.6-0.7. 
3.1.8 Optimization of sorption process 
3.1.8.1 Preparation of sorbent 
For the following optimizations, the cell cultures were prepared as in Section 3.1.7.1, 
except SM with glucose concentration of 2 g/L was used. Cell cultures were harvested 
when Asionm was around 0.6-0.7. The sorption ability of Vibrio sp. was determined 
under constant conditions with only one factor varied each time. 
3.1.8.2 Dry weight of sorbent 
The effect of dry weight of sorbent on the sorption capacity was determined by the 
procedures described in Section 3.1.7.2.2 except dry weight of sorbents were 4, 5, 7, 12 
and 19 mg respectively. 
3.1.8.3 Temperature 
The effect of temperature on the sorption capacity was determined by the procedures 
described in Section 3.1.7.2.2 except temperatures were 20, 25, 30, 35 and 40°C with 
optimal dry weight of sorbents (i.e. 7 mg). 
3.1.8.4 Agitation rate 
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The effect of agitation rates on the sorption capacity was determined by the procedures 
described in Section 3.1.7.2.2 except agitation rates were 0, 100, 200 and 300 rpm with 
optimal dry weight of sorbents (i.e. 7 mg). 
3.1.8.5 Salinity 
The effect of salinity on the sorption capacity was determined by the procedures 
described in Section 3.1.7.2.2, except salinities were 0, 5, 10, 15, 20, 25, 30 and 35%o 
with optimal dry weight of sorbents (i.e. 7 mg). The salinity was measured by a hand 
I 
refractometer (Vista, China). 
3.1.8.6 Initial pH 
The effect of initial pH of dye solution on the sorption capacity was determined by the 
procedures described in Section 3.1.7.2.2, except initial pH were pH 1, 2, 3, 4, 5, 7, 9 
and 10 with optimal dry weight of sorbents (i.e. 7 mg) and optimal salinity (i.e. 15%o). 
The pH was adjusted by NaOH and HCl using a pH meter. 
3.1.8.7 Concentration of Procion Red MX-5B 
The effect of dye concentration on the sorption capacity was determined by the 
procedures described in Section 3.1.7.2.2，except dye concentration were 0, 25, 50, 100, 
200, 300 and 400 mg/L with optimal dry weight of sorbents (i.e. 7 mg), salinity (i.e. 
15%o) and initial pH (i.e. pH 1). In the meanwhile, the sorption data were analyzed with 
two sorption isotherms, Langmuir and Freundlich sorption isotherms, which were 
described in Section 1.4.3.3.1. 
3.1.8.8 Combination study of salinity and initial pH 
The effect of salinity and initial pH on the sorption capacity of MX-5B by Vibrio sp. was 
determined by the procedures of Section 3.1.7.2.2 except salinity (0, 5, 10 and 15%o) and 
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initial pH (pH 1，2，3 and 4) were tested in combination under the optimal dry weight of 
sorbents (i.e. 12 mg) and selected dye concentration (i.e. 200 mg/L). 
3.2. Photocatalytic oxidation reaction 
3.2.1. Chemical reagents 
For the immobilization, calcium chloride (CaCh) and alginic acid were purchased from 
Sigma Chemicals (St. Louis, Missouri, USA Sigma). Titanium dioxide (TiO�，P25), the 
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photocatalyst, was obtained from the Degussa Corporation (Frankfurt, Germany). The 
physical properties of Ti02 were shown in Table 3.1. Ten thousand mg/L of stock 
solution was prepared by suspending 10 g of TiO! powder in 1 L Milli-Q water and kept 
in dark at room temperature before used. Hydrogen peroxide (H2O2) (35% by weight) 
was obtained from Riedel-de Haen (Seeize, Germany). It was used to enhance the PCO 
reactions. 
3.2.2 Photocatalytic reactor 
A stainless steel cylindrical reactor (Plate 3.5d) was used for the PCO experiments. 
The photocatalytic reactor was composed of eight ultraviolet (UV) lamps (15 watts, 
Cole-Parmer, Vernon Hills, USA) vertically mounted on a circular steel frame, 
surrounding a Pyrex column (Plate 3.5c) to provide even UV irradiation on the reaction 
mixture. The maximum light emission of each UV lamp was at 365 nm. An UVX digital 
radiometer (UVP, Upland, California, USA) with an UVX-36 light meter sensor (UVP, 
Upland, California, USA) was used to measure the light intensity of UV lamps. The 
intensity of each lamp was summarized in Table 3.2. The reading of UV intensities of 
the reactions was obtained by multiply the number of lamps used and the average 
intensity. A control panel (Plate 3.5a) with eight on/off buttons was used to control each 
lamp individually. A cooling fan (National, Japan) was placed on the top of the reactor 
to provide cooling effect during the reaction. An air pump (Hailea®, China) was 
connected to the column to provide mixing and aerating effect during the reactions. A 
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Table 3.1 Physical properties of TiCb (Degussa P25) (Halmann, 1996; Rachel et aL, 
2002). 
Characteristics 
Composition (% by weight) Anatase/mtile (70:30) 
Surface area (m^/g) 55 ± 15 
Size of crystallites (nm) 30 
Isoelectric point (pi) 6.3 
(a) n ^ n m n i i i (b) 
Hi ：丨謂 
Plate 3.5 Control panel (a), top view (b)，side view with (c) and 
without stainless steel cylinder (d) of a photocatalytic reactor. 
53 
Table 3.2 The UV intensities of different lamps used in the PCO reactor. 










pyrex column with a total volume of 150 mL, 47 cm in length, 2.3 cm internal diameter 
and 1.5 mm thickness was used. The PCO reactions were conducted in a "batch" mode 
with 100 mL working solution. For the following parameters, including effect of cell 
biomass immobilized, TiO? concentration immobilized and number of beads, their 
effects on both sorption and PCO reaction were studied. For UV intensity, H2O2 
concentration and initial pH, only their effects on PCO reaction were studied. All the 
reactions were performed in triplicates and batch mode and the data were analyzed by 
one way ANOVA followed by Tukey test (p<0.05) (Jandel Corporation, Chicago, 
Illinois, USA). 
3.2.3 Optimization of sorption and photocatalytic oxidation reactions using biomass 
of Vibrio sp. immobilized in calcium alginate beads 
3.2.3.1 Effect of dry weight of immobilized cells of Vibrio sp. 
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3.2.3.1.1 Sorption 
One g of alginic acid was dissolved in 22.5 mL of Milli-Q water by using microwave 
oven (National, Japan) to prepare a 4% alginate solution. The cell culture was prepared 
as Section 3.1.7.1, except SM with glucose concentrations of 2 g/L was used. Cell 
culture was harvested by centrifUgation at 10,000 rpm for 15 min when A520nm of cell 
culture was around 0.6-0.7. The cell pellet was washed by sterilized saline twice and 
resuspended in 2.5 mL of Milli-Q water. Twenty five mL of Ti02 from the stock 
solution of 10,000 mg/L and 2.5 mL of the cell suspension of dry weight of 70 mg were 
I 
mixed with the 4% alginate solution so that a 2% alginate solution was prepared. The 
alginate mixture was then poured into a 100 mL separating funnel tapered at the bottom 
(Plate 3.6). Alginate dripped at the bottom of the funnel would fall into a beaker 
containing 150 mL of 0.2 M CaCl�，and would polymerize into calcium alginate beads 
immobilized with 70 mg and 5,000 mg/L of TiO� . The end of the tapered funnel and the 
surface of calcium chloride were always maintained at 10 cm. Calcium alginate beads 
were then kept at 4°C overnight. After refrigeration, the calcium alginate beads were 
washed with 200 mL of Milli-Q water for three times. The beads were dried with paper 
towel. The above procedures were repeated except, cell suspension of dry weight of 0, 
13, 45 and 145 mg were added in order to prepare beads immobilized with different 
biomass of cells. Alginate beads and alginate beads with 70 mg biomass were also 
prepared similarly, except, TiO� and/or cells were not added respectively. 
Five hundred beads were decanted into a 250 mL Erlenmeyer flask with 100 mL of 150 
mg/L MX-5B of initial pH 3 and 0%o salinity. The mixture was shaken at 30°C and 200 
rpm for 120 min in dark. One mL of sample was collected at 0, 15，30，45, 60, 90 and 
120 min respectively. Another 500 beads were put into a pre-weighted and dried 
aluminum cup to determine the dry weight of beads. The absorbances of samples were 
measured by a spectrophotometer at 538 nm. The initial and final absorbances of the 




Plate 3.6 The setup for preparation of calcium 
alginate beads immobilized with 5,000 mg/L 
and 70 mg of Vibrio sp. 
3.2.3.1.2 Photocatalytic oxidation 
The cell immobilized calcium alginate beads were prepared as in Section 3.2.3.1.1. Five 
hundred beads were decanted into a 250 mL Erlenmeyer flask with 100 mL of 150 mg/L 
MX-5B of initial pH 3 and 0%o salinity. The mixture was shaken at 30°C and 200 rpm 
for 120 min in the dark. The mixture was then transferred into a Pyrex column and 
inserted at the centre of the photocatalytic reactor. All eight UV lamps were turned on to 
provide a maximum intensity (0.77 mW/cm^). Forty mM H2O2 was added to the mixture. 
One mL of sample was collected at reaction times 0, 15, 30，60，90，120，150 and 180 
min. The samples were centrifuged at 13,000 rpm for 15 min before measurement by a 
spectrophotometer. Before the PCO reactions, the mixtures were adjusted to desired pH 
by NaOH or HCl. The decolorization efficiency of PCO was expressed in term of 
removal efficiency (RE, %) (Equation 3.2). Aoor At were the absorbance (538 nm) of 
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MX-5B in the solution at initial or at time t respectively. 
Decolorization (%) = [(Ao - At) /Aq] x 100% (3.2) 
3.2.3.2 Effect of UV intensities 
The effect of UV intensity in the photocatalytic oxidation of MX-5B was determined by 
the procedures described in Section 3.2.3.1.2 except the UV intensities were 0, 0.19, 
0.38, 0.58 and 0.77 mW/cm with the optimal amount of cell biomass (i.e. dry weight of 
70 mg). One mL of sample was collected at reaction times 0，15, 30, 60, 90 and 120 min. 
3.2.3.3 Effect of TiCh concentrations 
3.2.3.3.1 Sorption 
The effect of TiO? concentrations in the sorption of MX-5B was determined by the 
procedures described in Section 3.2.3.1.1 except beads were immobilized with 0, 1,250, 
2,500, 5,000 and 10,000 mg/L TiOi with the optimal amount of cell biomass (i.e. dry 
weight of 70 mg). 
3.2.3.3.2 Photocatalytic oxidation 
The effect of Ti02 concentrations in the photocatalytic oxidation of MX-5B was 
determined by the procedures described in Section 3.2.3.1.2 except beads were 
immobilized with 0, 1,250, 2,500, 5,000 and 10,000 mg/L TiO� respectively with the 
optimal amount of cell biomass (i.e. dry weight of 70 mg). One mL of sample was 
collected at reaction times 0, 15, 30, 60，90 and 120 min. 
3.2.3.4 Effect of H2O2 concentrations 
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The effect of H2O2 concentrations in the photocatalytic oxidation of MX-5B was 
determined by the procedures described in Section 3.2.3.1.2 except H2O2 concentrations 
were 0, 10, 20, 40 and 80 mM with the optimal amount of cell biomass (i.e. dry weight 
of 70 mg). One mL of sample was collected at times 0, 15, 30, 60, 90 and 120 min. 
3.2.3.5 Effect of the number of beads 
3.2.3.5.1 Sorption 
The effect of number of beads in the sorption of MX-5B was determined by the 
procedures described in Section 3.2.3.1.1 except the beads number were 0, 200, 400, 500 
and 600 with the optimal amount of cell biomass (i.e. dry weight of 70 mg). 
3.2.3.5.2 Photocatalytic oxidation 
The effect of the number of beads in the photocatalytic oxidation of MX-5B was 
determined by the procedures described in Section 3.2.3.1.2 except beads number of 0, 
200, 400, 500 and 600 were tested with optimal amount of cell biomass (i.e. dry weight 
of 70 mg) and optimal H2O2 concentrations (i.e. 20 mM ) were used. One mL of sample 
was collected at reaction times 0, 15, 30, 60, 90 and 120 min. 
3.2.3.6 Effect of initial pH with and without the addition of H2O2 
The effect of the initial pH in the photocatalytic oxidation of MX-5B was determined by 
the procedures described in Section 3.2.3.1.2 except the initial pH were pH 4, 6, 8 and 
10 with optimal amount of cell biomass (i.e. dry weight of 70 mg) and optimal H2O2 
concentrations (i.e. 20 mM ). One mL of sample was collected at reaction times 0, 15, 
30, 60, 90 and 120 min. The initial and final pHs were measured by the pH meter. The 
above procedures were repeated except no H2O2 was added in order to study the effect 
of the initial pH in the photocatalytic oxidation of MX-5B in the absence of H2O2. 
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3.2.3.7 Control experiments for photocatalytic oxidation of Procion Red MX-5B 
Six negative control experiments of PCO reactions were performed by the procedures 
described in Section 3.2.3.1.2. The parameters were chosen as follow: 100 mg/L of 
MX-5B with 0.77 m W W o f U V intensity, 100 mg/L of MX-5B with 20 mM of H2O2, 
100 mg/L of MX-5B with calcium alginate beads immobilized 70 mg of sorbent and 
5,000 mg/L Ti02, 100 mg/L of MX-5B with 20 mM of H2O2 and calcium alginate beads 
immobilized 70 mg of sorbent and 5,000 mg/L TiO〗，100 mg/L of MX-5B with 20 mM 
of H2O2 and 0.77 mW/cm^ofUV intensity, 100 mg/L of MX-5B with 0.77 mW/cm^of 
I 
UV intensity and calcium alginate beads immobilized 70 mg of sorbent and 5,000 mg/L 
Ti02. 
3.2.3.8 Combinational study of UV intensities and H2O2 concentrations 
The effect of initial H2O2 concentrations and UV intensities in the photocatalytic 
oxidation of MX-5B were determined by the procedures described in Section 3.2.3.1.2 
except initial H2O2 concentrations (0, 10, 20, 40 and 80 mM) and UV intensities (0, 0.19, 
0.38, 0.58 and 0.77 mW/cm ) were tested in combination under the optimal conditions: 
70 mg dry weight of cell biomass, initial pH 4 and 5,000 mg/L immobilized Ti02. One 
mL of sample was collected at reaction times 0, 15, 30, 60, 90 and 120 min. 
3.2.3.9 Photocatalytic oxidation of Procion Red MX-5B under optimal conditions 
The photocatalytic oxidation of MX-5B was determined by the procedures described in 
Section 3.2.3.1.2 except optimal conditions were used (i.e. UV intensity of 0.77 
mW/cm^, 70 mg dry weight of cell biomass immobilized, 20 mM H2O2, initial pH 4 and 
5,000 mg/L Ti02 immobilized). 
3.2.3.10 Sorption isotherms of calcium alginate beads immobilized with 70 mg 
Vibrio sp. and 5,000 mg/L TiOz 
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Sorption of 0，25, 50, 100 and 150 mg/L of MX-5B was performed by the procedures 
described in Section 3.2.3.1.1 except the optimal biomass of cell (i.e. dry weight of 70 
mg). The sorption data were analyzed with two sorption isotherms, Langmuir and 
Freundlich sorption isotherms, which were described in Section 1.4.3.3.1. 
3.3 Biodegradation 
3.3.1 Chemical reagents 
I 
Cyanuric acid (CA) (98% purity) was obtained from Aldrich Chemical Company 
(Milwaukee, Wisconsin, USA). A 2,000 mg/L stock solution was prepared by dissolving 
2 g of crystal into 1 L of 15%o filtered artificial seawater. Di-potassium hydrogen 
phosphate (K2HPO4) was obtained from Riedel-de Haen (Seeize, Germany). Zinc 
sulphate (ZnSCVTHbO) was obtained from Merck (Darmstadt, Germany). Manganese 
chloride (MnCl2'4H20) was obtained from Ajax Chemicals Ltd (Sydney, Australia). For 
the preparation of the mediums, autoclaved K2HPO4 was added separately to the 
autoclaved medium to prevent precipitation. 
The minimal medium (MM) and minimal medium with CA (MMCA) agar used for 
experiments were prepared with ingredients listed in Appendix. 
3.3.2 Sampling 
Sampling site and methods were described in Section 3.1.3. 
3.3.3 Enrichment 
Five mL of sample was inoculated into a 125 mL Erlenmeyer flask with 50 mL of MM 
with 10 mM of glucose at initial pH 7.2 and CA was acted as the sole nitrogen source. In 
order to enrich the bacterial degradation abilities of CA, the flasks were successively 
cultivated for three times that each with a higher CA concentration, i.e. 100, 200 and 400 
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mg/L respectively. It was incubated at 30°C shaking at 200 rpm for seven days. Fifty 
mg/L of MX-5B was added into the medium in order to screen for bacteria with both the 
dye sorption and CA degradation abilities. 
3.3.4 Isolation of cyanuric acid-utilizing bacteria 
After enrichment, cultures were diluted to 10^ \0 ' \ 10"^ 10'^ 10"^  and 10'^  with 
sterilized saline (0.85% sodium chloride). Aliquot of 0.1 mL of each diluted samples was 
spread on MMCA agar plate containing 50 mg/L of MX-5B. After incubation for one 
I 
week at 30°C, red-colored colonies were selected. They were then streaked to MMCA 
agar with and without dye to confirm the color production. 
3.3.5 Determination of cyanuric acid 
CA analysis during biodegradation process was performed by High performance liquid 
chromatography (HPLC) (Waters HPLC system: Waters separations module and Waters 
996 photodiode array detector) (Milford, Massachusetts, USA) (Plate 3.7). The 
analytical conditions were summarized in Table 3.3. CA concentrations were deducted 
from a standard curve by plotting peak areas of their respective HPLC chromatograms 
against different CA concentrations while the qualitative analysis was based on its 
retention time. 
3.3.6 Screening of Procion Red MX-5B sorption ability 
Seven bacterial strains were isolated after enrichment. Their MX-5B sorption abilities 
were determined described as Section 3.1.5. 
3.3.7 Screening of cyanuric acid-utilizing ability 
Seven isolated bacteria were screened for their CA-utilizing abilities. In addition, four 
potential MX-5B-sorbing bacteria screened in Section 3.1.5 were also tested for the 
61 
. I tM 71 
‘ I — — 
Plate 3.7 A high performance liquid chromatographic 
system (Milford, Massachusetts, USA). 
Table 3.3 Analytical conditions for detection of cyanuric acid of HPLC (modified from 
Pichon et al” 1995). 
Parameters 
Stationary phase Waters reverse-phase CI8 (Waters: Spherisorb® 
5 |Lim 0DS2; 4.6 mm x 250 mm analytical 
column, Waters Spherisob®, Waters 
Corporation, Milford, Ireland) 
Mobile phase and compositions Milli-Q water at pH 3 adjusted by phosphorus 
acid (H3PO4) (85% purity, Tedia company Inc.， 
Ohio, Fairfield, USA) 
Flow rate and mode 1 mL/min in isocratic mode 
Volume of injection 20 ^L 
Run time of samples 8 min 
Detection wavelength 201 nm 
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CA-utilizing abilities. The experiments were conducted in batch system. A colony was 
streaked to PY agar followed by incubation of one day at 30°C. Then a single colony 
was inoculated into an autoclaved 125 mL Erlenmeyer flask with 50 mL MM (Appendix) 
with 10 mM of glucose and 200 mg/L of CA. Incubation was performed at 30�C, initial 
pH 7.2 at 200 rpm agitation rate for five days. One mL of sample was collected each day 
aseptically. The cell density was monitored by a spectrophotometer at 520 nm. All the 
reactions were performed in triplicates and the data were analyzed by one way ANOVA 
followed by Tukey test (p<0.05) (Jandel Corporation, Chicago, Illinois, USA). 
I 
3.3.8 Bacterial identification 
Bacterial species with the best CA removal efficiency obtained in the screening test was 
identified as Section 3.1.6. 
3.3.9 Growth and cyanuric acid removal efficiency of the selected bacterium 
The selected bacterium was streaked onto PY agar followed by incubation of one day at 
30°C. A single colony was inoculated into an autoclaved 250 mL side-armed flask with 
100 mL MM medium with 10 mM of glucose and 200 mg/L of CA at initial pH 7.2, 
which acted as a starter. Incubation was performed at 30°C and agitated at 200 rpm for 
16 h. One mL of culture was harvested by centrifiigation at 13,000 rpm for 15 min and 
washed by saline twice. It was then resuspended by 1 mL of saline. 
The saline-washed cell was then inoculated into an autoclaved 250 mL side-armed flask 
with 99 mL MM with final concentrations of 10 mM of glucose and 200 mg/L of CA. 
The salinity of MM was 15%o while the initial pH was 7.2. The experiments were 
performed at 30°C and 200 rpm agitation rate. The growth and CA removal efficiency 
were monitored from 11 to 17 h. At time 0, absorbance of the culture was measured and 
1 mL of sample was collected. When absorbance of the culture started to increase or 
level off, 1 mL of sample was collected at 1 h interval. Two h intervals were taken for 
sampling if there was no increase in absorbance. The collected samples were centrifUged 
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at 13,000 rpm for 15 min and the supernatant was kept in 4 � C before CA analysis by 
HPLC. Meanwhile, the growth was monitored by Klett^^ photoelectric colorimeter 
(Scienceware®, Pequannock, New Jersey, USA) using green filter (520-580 nm) (Plate 
3.8). The control experiment was performed by adding 1 mL of 0.85% sterilized saline 
instead of bacterial cells. 
The experiments were conducted in batch mode. All the reactions were performed in 
triplicates and the data were analyzed by one way ANOVA followed by Tukey test 
(p<0.05) (Jandel Corporation, Chicago, Illinois, USA). The degradation capabilities 
I 
were expressed in term of removal efficiency (RE, %) (Equation 3.3). Peak Areao or 
Peak Areat were peak area of CA at time zero and time t respectively. 
RE (%) = [(Peak Areao — Peak Areat)丨 Peak Areao] x 100% (3.3) 
3.3.10 Optimization of reaction conditions 
From the preliminary results, one identified bacterium was chosen for further 
optimization studies of CA biodegradation. CA removal efficiency and growth and were 
monitored and expressed as RE (Equation 3.3) and growth rate (Equation 3.4). 
Growth rate = (InAi-lnAi)/ (Ti-Ti) (3.4) 
Where, Ai or k\ = absorbance at time Ti or Ti 
Ti or Ti = time when of the growth curve the steepest slope started or ended in 
the tested period 
3.3.10.1 Effect of salinity 
The effect of salinity in CA removal was determined by procedures described in 
sections.3.9 except the salinities were 0, 5, 10, 15, 20, 25 and 30%o. Growth and CA 
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Plate 3.8 A Klett^'^ photoelectric colorimeter 
(Scienceware®, Pequannock, New Jersey, USA). 
removal were monitored from 12-20 h. 
3.3.10.2 Effect of cyanuric acid concentrations 
The effect of CA concentrations in CA removal was determined by procedures described 
in Section 3.3.9 except CA concentrations were 0，20, 40，80, 100，200，400，800 and 
1,600 mg/L. Growth and CA removal was monitored from 12-20 h. 
3.3.10.3 Effect of temperature 
The temperature effect of CA removal was determined by procedures described in 
Section 3.3.9 except temperatures were 20，25, 30, 35 and 40°C with optimal CA 
concentration (i.e. 80 mg/L). Growth and CA removal was monitored from 12-20 h. 
3.3.10.4 Effect of agitation rate 
The effect of agitation rate in CA removal was determined by procedures described in 
Section 3.3.9 except agitation rates were 0，50，100, 200 and 300 rpm with optimal CA 
concentration (i.e. 80 mg/L). Growth and CA removal were monitored from 12-20 h. 
65 
3.3.10.5 Effect of initial pH 
The effect of initial pH in CA removal was determined by procedures described in 
Section 3.3.9 except initial pHs were pH 3, 4, 5, 6, 7 and 8 with optimal CA 
concentration (i.e. 80 mg/L). Growth and CA removal was monitored from 12-20 h. 
3.3.10.6 Effect of initial glucose concentration 
The effect of initial glucose concentration in CA removal was determined by procedures 
I 
described in Section 3.3.9 except glucose concentrations were 0，5, 10, 20 and 30 mM 
with optimal CA concentration (i.e. 80 mg/L). Growth and CA removal was monitored 
from 12-20 h. 
3.3.10.7 Combinational study of glucose and cyanuric acid concentrations 
The effects of initial CA and glucose concentrations in CA degradation were determined 
by the procedures described in Section 3.3.9 except initial CA concentrations (0, 20, 40 
and 80 mg/L) and initial glucose concentrations (0, 1, 2.5, 5, 10, 15 and 20 mM) were 
tested in combination under the optimal temperature (30°C), initial pH (pH 7.2), salinity 
(15%o) and agitation rate (200 rpm). Growth and CA removal were monitored from 
11-20 h. CA removal efficiency and growth rates were calculated by Equation 3.3 and 
3.4 respectively. 
3.4 Detection of cyanuric acid formed in photocatalytic oxidation reaction 
The photocatalytic oxidation of MX-5B was carried out by the procedures described in 
Section 3.2.3.1.2 under the optimal conditions (i.e. UV intensity of 0.77 mW/cm^, 70 mg 
dry weight of biomass and 5,000 mg/L Ti02 immobilized, 20 mM initial H2O2 and initial 
pH 4). One mL of samples was collected at reaction time 0, 24, 48, 72, 96, 120, 144 and 
168 h. The samples were centrifliged at 13,000 rpm for 15 min and stored at 4�C before 
HPLC analysis. The analytical conditions were shown in Table 3.3. Milli-Q water was 
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refilled to overcome the water loss during the reaction. Salinity and pH of the reaction 
mixture were monitored by a hand refractometer and a pH meter respectively. The 
experiment was conducted in batch mode and triplicates were performed. 
In order to determine the effect of H2O2 in speeding up the PCO reaction, the above 
procedures were repeated except 80 mM H2O2 was added into the reaction mixture 
regularly at 24 h interval. The data obtained were analyzed by one way and two way 
ANOVA followed by Tukey test (p<0.05) (Jandel Corporation, Chicago, Illinois, USA) 
3.5 Integration of sorption, photocatalytic oxidation and biodegradation 
Batch mode integration was performed by combining sorption, PCO and biodegradation 
sequentially under their respective optimal conditions. 
Integration of sorption and PCO using alginate beads were described in Section 3.2.3.1.1 
and 3.2.3.1.2, except sorption was performed for 1 h. The optimal conditions for 
sorption were 30°C, 200 rpm, using 500 alginate beads with 70 mg dry weight of 
biomass and 5,000 mg/L of TiO� immobilized while those of PCO were UV intensity of 
0.77 mW/cm^, using 500 alginate beads with 70 mg dry weight of biomass and 5,000 
mg/L of TiOi immobilized, 20 mM initial H2O2 and initial pH 4. The solution was 
irradiated for 168 h in order to degrade all MX-5B into CA. 
Biodegradation using PCO spent solution was determined as procedures described in 
Section 3.3.9 except the medium was prepared as follow. The PCO spent solution was 
collected and TiOi was separated by using GF/C filter paper. MM with ll%o and 1 mM 
glucose was added to the filtered PCO spent solution, followed by pH adjustment to 
initial pH 7.2. The solution mixture was then filter sterilized and 99 mL solution was 
transferred into 250 mL side-armed flask ascetically. Besides, CA removal and growth 
were monitored from 0-12 h. Control was done similarly, except MMCA was used 




4.1.1 Determination of Procion Red MX-5B 
Procion Red MX-5B (MX-5B) showed a maximum absorbance at 538 nm after scanning 
by the spectrophotometer. Absorbance of MX-5B at 25, 12.5, 6.25, 3.13, 1.57 and 0.78 
mg/L were measured and a standard curve (Figure 4.1) with 0.9991 correlation 
t 
coefficient (r^) was established. 
4.1.2 Isolation of Procion Red MX-5B-sorbing bacteria 
Twenty five red bacterial colonies were isolated from SM plate containing 50 mg/L of 
MX-5B. They were named from Strains A to Y. In the subsequent test, none of them 
produced red color. They were pale yellow or white in color on SM agar plates. 
4.1.3 Screening of Procion Red MX-5B sorption ability 
Among the isolated bacteria, 13 bacterial species got positive dye removal capacity at 30 
and 60 min (RCaomin and RCeomin) as shown in Table 4.1. Four bacterial species, which 
showed better RCsomin and RCeomin, namely Strains B, F, L and U were selected for 
further study. Figure 4.2 shows their dye sorption performances. For all, their RC started 
to plateau after 30 min sorption (Figure 4.2a). In order to ensure complete equilibrium 
was reached, their RCgomin were selected for comparison. In Figure 4.2b, though the 
differences between their RC90min were statistically insignificant. Strain U was selected 
for further study as it showed the highest RC and its performance was more stable than 
Strain L. The RC of Strain U was 17.1 mg/g. The dye sorbed cell pellets of Strains B, F, 
L and U are shown in Plate 4.1, which all stained red after sorption. Plate 4.2 shows the 
morphology of Strain U on SM plate. Strain U gave rise to creamy white, smooth and 
convex colonies with entire edges. 
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Figure 4.1 Absorbance of Procion Red MX-5B at 538 nm against 
their respective concentrations. 
Table 4.1 Dye removal capacities of some MX-5B-sorbing bacteria. 
Bacterial species RCaomin (mg/g) RCeomin (mg/g) 
B 12.16 12.44 
F 13.60 15.09 
G 2.54 1.79 
H 4.04 1.15 
J 4.97 5.24 
K 4.69 3.95 
L 11.45 10.34 
N 2.60 1.99 
P 5.50 5.28 
Q 3.19 3.63 
U 10.55 13.93 
W 3.21 8.37 
Y 8.73 3.11 
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Figure 4.2 RC (a) and RCgomin (b) of 100 mg/L MX-5B by four bacterial strains. 
Experimental conditions: 200 rpm, initial pH 7，30�C and \5%o salinity. Each points and 
error bars represent respective mean and standard deviations of triplicates. Means with 
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Plate 4.1 Dye sorbed cell pellets of Strains B, F, L and 
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Plate 4.2 Strain U on screening medium agar. 
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4.1.4 Identification of isolated bacterium 
A good library match of the first choice of the MIDI System was Vibrio harveyi with 
similarity index larger than 0.6 (i.e. 0.766) and separation greater than 0.1 (i.e. 0.207). 
On the other hand, a good matching of Vibrio gallicus with similarity larger than 96% 
(i.e. 99%) was found by the 16S rDNA identification method. By the Biolog System, 
Vibrio tubiashii was identified and it was considered as good; the similarity index is 
larger than 0.75 (4 - 6 h) (i.e. 0.894) with distance larger than two (i.e. 2.13) between 
the first and second choices. As genus of Vibrio but inconsistent species level was found, 
I 
so Strain U was preliminary named as Vibrio sp. 
4.1.5 Optimization of cell yield and sorption capacity 
4.1.5.1 Growth phase 
4.1.5.1.1 Growth curve 
The growth curve of Vibrio sp. is shown in Figure 4.3. Lag phase of the bacterial culture 
was from 0 to 8 h. Log phase started from 8 to about 24 h with A520nm increased from 
0.06 to 0.75. Stationary phase started from 24 h with maximum A520nm at 0.81. 
4.1.5.1.2 Dye sorption capacity 
The effect of biomass of Vibrio sp. to RC harvested at early to mid log and late log 
phases, early and late stationary phases were studied as shown in Figure 4.4. Figure 4.4a 
shows that RCs of all reached equilibrium after 60 min. So as to ensure complete 
equilibriums, RCgomin was compared as shown in Figure 4.4b. When bacterial culture 
was harvested at the h, which represented the late log phase, RCgomin was the highest 
(i.e. 17.54 mg/g). Similar RC90min for bacterial cultures harvested at early log phase, 
early and late stationary phases were 6.41, 3.44 and 7.59 mg/g respectively. So, bacterial 
culture was harvested at late log phase in the following study. 
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Figure 4.3 Growth curve of Vibrio sp. in SM containing 1 mg/L of glucose. 
Experimental conditions: 200 rpm, pH 7, 30°C and 15%o. 
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Figure 4.4 RC (a) and RCgomin (b) of 100 mg/L MX-5B by biomass of Vibrio sp. 
harvested at different growth phases. Experimental conditions: 200 rpm, 30°C, initial pH 
7, 15%o salinity and 12 mg dry weight of cell biomass. Each points and error bars 
represent respective mean and standard deviations of triplicates. Means with the same 
color but different letter are statistically different (One way ANOVA followed by Tukey 
test, p<0.05). 
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4.1.5.2 Initial pH 
4.1.5.2.1 Growth curve 
The growth curves of Vibrio sp. in SM of different initial pHs is shown in Figure 4.5. No 
growth was observed at initial pH 2, 4 and 10 respectively. At initial pH 6, Vibrio sp. 
grew in the early time until 8 h. Afterwards, the absorbance leveled off at around 0.17. 
Better and similar growth patterns of Vibrio sp. were observed at initial pH 7 and 8. 
Maximum absorbances of around 0.74 were observed in both cases. Growth at initial pH 
1 
7 was slightly faster than that in initial pH 8. Since poor growth occurred at initial pHs 2, 
4, 6 and 10, so only cells grown in SM of initial 7 and 8 were tested for the sorption 
capacity. Cells were harvested at A520nm of around 0.6-0.7，when the growth of Vibrio sp. 
was in the late log phase. 
4.1.5.2.2 Dye sorption capacity 
The effect of RC of Vibrio sp. grown in SM of initial pH 7 and pH 8 is described in 
Figure 4.6. In Figure 4.6a, they showed similar patterns but the rate of initial pH 8 was a 
little bit slower. Both of them reached equilibrium at 60 min and so RCgomin was chosen 
for comparison in Figure 4.6b. RCgomin of bacterial cells grown in SM of initial pH 7 was 
larger but no statistical significant differences were found from that of initial pH 8. 
Initial pH 7 was selected for further study as less sorption time was required to reach 
equilibrium and larger RC90min (i.e. 18.01 mg/g) were obtained. 
4.1.5.3 Temperature 
4.1.5.3.1 Growth curve 
The growth curve of Vibrio sp. incubated at different temperatures is shown in Figure 
4.7. Lag, log and stationary phases were observed for all the tested temperatures. 
Bacterial growth showed the slowest growth rate at 20°C. It had a much longer lag phase 
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Figure 4.5 Growth curves of Vibrio sp. in SM of different initial pHs. Experimental 
conditions: 1 mg/L glucose, 200 rpm, 30°C and 15%o salinity. Each points and error bars 
represent respective mean and standard deviations of triplicates. 
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Figure 4.6 RC (a) and RCgomin (b) of 100 mg/L MX-5B by biomass of Vibrio sp. 
harvested from SM of initial pH 7 and 8. Experimental conditions: 200 rpm, 30°C, initial 
pH 7，15%o and 12 mg dry weight of cell biomass. Each bars and error bars represent 
respective mean and standard deviations of triplicates. Means with the same color but 
different letter are statistically different (One way ANOVA followed by Tukey test, 
p<0.05). 
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Figure 4.7 Growth curves of Vibrio sp. incubated at different temperatures. 
Experimental conditions: 1 mg/L glucose, initial pH 7, 200 rpm and \5%o. Each points 
and error bars represent respective mean and standard deviations of triplicates. 
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(0-24 h) and relatively longer log phase (24-48 h). Stationary phase was observed after 
48 h. For 25 and 30°C, similar growth rates and patterns were observed. Lag phase was 
from 0 to 8 h and log phase started from 8 h and ended at 32 h. Maximum absorbance 
was around 0.74. Growth at 35°C was faster than at 25 and 30°C while it was the fastest 
at 40°C. Both had a lag phase from 0 to 8 h. However, relatively shorter log phases, i.e. 
8 to 28 h and 8 to 24 h were observed for growths at 35 and 40°C respectively. 
Absorbance reached 0.77 and 0.79 for growth at 35 and 40°C respectively. 
4.1.5.3.2 Dye sorption capacity 
1 
The effect of sorbents grown under different incubation temperatures on RC is shown in 
Figure 4.8. Bacterial cells grew at 20°C showed the smallest RCs as shown in Figure 
4.8a. In Figure 4.8b, RCgomin of the culture incubated at 25°C (i.e. 16.38 mg/g), 30°C (i.e. 
16.76 mg/g), 35°C (i.e. 15.36 mg/g) and 40°C (i.e. 14.36 mg/g) were similar (i.e. no 
statistically significant difference). However, the RCaomin of the culture incubated at 35 
and 40°C were lower, which showed that a longer sorption time was required to reach 
the sorption equilibrium. Incubation temperature of 30°C was selected for further study. 
4.1.5.4 Glucose concentration 
4.1.5.4.1 Growth curve 
Growth of Vibrio sp. in SM with different glucose concentrations is shown in Figure 4.9. 
Similar growth patterns but different cell yields were observed for the cultures 
containing 0.5, 1, 2 and 5 g/L of glucose respectively. Growth yield increased when 
glucose concentrations increased from 0.5 to 1 g/L. Growth yields of the cultures 
containing 1 and 2 g/L of glucose were similar and a maximum Asaonm at 0.78 and 0.77. 
However, further increase in glucose concentration to 5 g/L decreased the growth yield 
to 0.67. 
4.1.5.4.2 Dye sorption capacity 
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Figure 4.8 RC (a) and RC at different time points (b) of 100 mg/L MX-5B by biomass of 
Vibrio sp. incubated at different temperatures. Experimental conditions: 200 rpm, initial 
pH 7，30°C, 15%o salinity and 12 mg biomass. Each points and error bars represent 
respective mean and standard deviations of triplicates. Means with the same color but 
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Figure 4.9 Growth curves of Vibrio sp. in SM of different glucose concentrations. 
Experimental conditions: 30°C, initial pH 7, 200 rpm and 15%o. Each points and error 
bars represent respective mean and standard deviations of triplicates. 
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The effect of different glucose concentrations of SM on RC by the biomass of Vibrio sp. 
is shown in Figure 4.10. In Figure 4.10a, RC of biomass harvested from SM with 0.5 g/L 
of glucose concentration was always the lowest. RCs of all cultures were equilibrated at 
60 min. In order to ensure complete equilibriums were reached, RCgomin was selected for 
comparison as shown in Figure 4.10b. RCgomin increased from 2.19 to 19.68 mg/g when 
the glucose concentration was increased from 0.5 to 2 mg/L. Further increase in glucose 
concentration could not increase the RCgomin. Therefore, 2 g/L of glucose concentration 
was selected as the optimal condition for further study. 
4.1.6 Optimization of sorption process 
4.1.6.1 Dry weight of sorbent 
Sorption of MX-5B by different dry weight of sorbents is described in Figure 4.1 la. The 
performances of dry weights of 4 and 5 mg were unstable due to relatively large 
experimental errors. RCgomin was selected for comparison as shown in Figure 4.11b. 
RCgomin decreased from 34.38 to 19.68 mg/g as the dry weight increased from 4 to 12 mg. 
However, due to relatively large experimental errors and unstable performance, dry 
weight of 4 and 5 mg were not selected for further study. Hence, 7 mg was selected for 
further study, which the RC was enhanced to 29.82 mg/g. 
4.1.6.2 Temperature 
The effect of temperature on RC is shown in Figure 4.12. From Figure 4.12a, similar 
sorption patterns at different temperatures were observed. RC started to plateau at 60 
min. In order to ensure complete equilibrium, RCQOmin was chosen for comparison and 
plotted as Figure 4.12b. RCgomin at different temperatures was similar with no significant 
difference. It indicated that in the temperature range of 20-40°C, the sorption process 
was not affected by the change of temperature. Thus, 30°C was selected as optimal 
temperature for further study. 
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Figure 4.10 RC (a) and RCgomin (b) of 100 mg/L MX-5B by biomass of Vibrio sp. 
harvested from SM with different glucose concentrations. Experimental conditions: 200 
rpm, initial pH 7, 30°C, 15%o and 12 mg dry weight of biomass. Each points and error 
bars represent respective mean and standard deviations of triplicates. Means with the 
same color but different letter are statistically different (One way ANOVA followed by 
Tukey test, p<0.05). 
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Figure 4.11 RC (a) and RCgomm (b) of 100 mg/L MX-5B by different dry weight of 
Vibrio sp. Experimental conditions: 200 rpm, 30�C，initial pH 7 and 15%o. Each 
points and error bars represent respective mean and standard deviations of 
triplicates. Means with the same color but different letter are statistically different 
(One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.12 RC (a) and RCgomin (b) of 100 mg/L MX-5B under different sorption 
temperatures. Experimental conditions: 7 mg dry weight of sorbent, 200 rpm, 
initial pH 7 and 15%o. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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4.1.6.3 Agitation rate 
The effect of agitation rate on RC is shown in Figure 4.13. From 4.13a, sorption at 
different agitation rates is described. RC started to plateau at 60 min, so RCgomin was 
chosen for comparison so as to ensure complete equilibrium had been reached. From 
Figure 4.13b, RCgomin of the culture without shaking (i.e. 0 rpm) was the lowest. RCgomin 
increased from 22.56 to 34.46 mg/g as the agitation rate increased from 0 to 200 rpm, 
though there was no statistical difference between 100 and 200 rpm. Agitation rate of 
200 rpm was selected for further study as agitation rate increased to 300 rpm (i.e. 34.71 
1 
mg/g) could not enhance the sorption capacity. 
4.1.6.4 Salinity 
The effect of salinity on the sorption process at initial pH 7 is described in Figure 4.14. 
At 0%o, zero or even negative RC was obtained as described in Figure 4.14a, so sorption 
was not favored at 0%o at initial pH 7. For consistence and easy comparison, RC90minOf 
different salinities was plotted as 4.14b. RC90min increased from 0 to 47.51 mg/g when 
salinity increased from 0 to 30%o. R C g o m i n decreased to 40.18 mg/g when the salinity 
further increased. Salinity of 15%o was selected for further study as too high salinity 
would inhibit the rate of PCO. 
4.1.6.5 Initial pH 
The effect of initial pH on the sorption of MX-5B by biomass of Vibrio sp. is described 
in Figure 4.15. From Figure 4.15a, RCs of different initial pHs could be divided into two 
batches, initial pH 4 to 10 and initial pH 1 to 3. From Figure 4.15b, much higher RC was 
obtained at more acidic medium. At initial pH 10, there was nearly no sorption occurred. 
When the initial pH decreased from 10 to 4, RCpomin gradually increased from 3.08 to 
65.44 mg/g. Then, RCgomin increased dramatically from 65.44 to 185.16 mg/g when pH 
further decreased from pH 4 to 3. When initial pH further decreased to pH 1, RCgomin of 
236.54 mg/g was obtained. So, initial pH 1 was selected for further study. 
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Figure 4.13 RC (a) and RCgomin (b) of 100 mg/L MX-5B under different agitation 
rates. Experimental conditions: 7 mg dry weight of sorbent, 30�C，initial pH 7 
and 15%o. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.14 RC (a) and RCgomin (b) of 100 mg/L MX-5B under different salinities. 
Experimental conditions: 7 mg dry weight of sorbent, 30�C，initial pH 7 and 200 
rpm. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.15 RC (a) and RCgomin (b) of 100 mg/L MX-5B under different initial pHs. 
Experimental conditions: 7 mg dry weight of sorbent, 30�C，15%o and 200 rpm. Each 
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4.1.6.6 Concentration of Procion Red MX-5B 
The effect of MX-5B concentration on sorption by biomass of Vibrio sp. is described in 
Figure 4.16. RC increased with increase in dye concentration. Figure 4.16b summarizes 
the RC90min of different dye concentrations. Drastic increase in RCgomin was observed 
when the MX-5B concentration increased up to 200 mg/L. The rate of increase slowed 
down after 200 mg/L. MX-5B concentration of 200 mg/L was selected as for further 
study. 
Two commonly used monolayer sorption models, Langmuir and Freundlich sorption 
isotherms, were employed to describe the MX-5B sorption phenomenon of biomass of 
Vibrio sp. The respective equilibrium sorption capacities and equilibrium concentrations 
at different MX-5B concentration obtained were transformed by the equations of two 
monolayer models stated in Section 1.4.3.3.1, and hence the graphs were obtained and 
described in Figure 4.17. The Langmuir and Freundlich constants plots are given in 
Table 4.2. Based on the correlation coefficients, it is obvious that the sorption model of 
Vibrio sp. better fitted the Freundlich isotherm (r^=0.9095) (Figure 4.17b) than the 
Langmuir isotherm (r^=0.7732) (Figure 4.17a). For the Freundlich isotherm, 1/n (slope 
of sorbent) was 0.38 (Table 4.2). 
4.1.6.7 Combination study of salinity and initial pH 
Figure 4.18 describes the combination effect of different initial pHs and salinities on 
sorption of 200 mg/L MX-5B by Vibrio sp. At initial pH 1, similar and relatively high 
RCs were obtained at different salinities. No matter which salinities, RCs decreased as 
initial pH increased. At initial pH 3 and 4, provision of salinity could increase RCs. 
However, in order to favor the PCO reaction, salinity of 0%o was selected for further 
study as the presence of inorganic ions would inhibit the PCO reaction. Initial pH 3 was 
chosen because reuse of sorbent was not favored in too acidic medium. 
In summary, the selected conditions of sorption of MX-5B by biomass of Vibrio sp. were 
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Figure 4.16 RC (a) and RCgomin (b) of different MX-5B concentrations. 
Experimental conditions: 7 mg dry weight of sorbent, 30°C, 15%o, initial pH 1 and 
200 rpm. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.17 Langmuir (a) and Freundlich (b) sorption isotherms of MX-5B of 
Vibrio sp. Experimental conditions: 7 mg dry weight of sorbent, 30�C，15%o, 
initial pH 1 and 200 rpm. Each point represents means of triplicates. 
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Table 4.2 Langmuir and Freundlich isotherm constants and correlation coefficients for 
sorption of MX-5B by biomass of Vibrio sp. 
Langmuir Isotherm Freundlich Isotherm 
Ce/qe = 1/bqmax + Ce/qmax log Qe = log k + 1/n log Ce 
W b ？ k l7n ？ 
O M 0 ? f 7 7 5 . 3 0 0 3 8 O ^ 
~ 1 
^ 200 \ / ^ T ^ ^ ^ ^ � / 
Figure 4.18 Combination effects of different initial pHs and salinities on sorption of 200 
mg/L MX-5B by Vibrio sp. Experimental conditions: 200 rpm, 30°C, 7 mg dry weight of 
Vibrio sp. and sorption time of 90 min. Each point represents means of triplicates. 
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7 mg dry weight of sorbent, agitation rate of 200 rpm, initial pH 3, salinity of 0%o, 
MX-5B concentration of 200 mg/L and temperature of 30°C. Under this condition, 
RCgomin obtained was 177.79 mg/g. 
4.2 Photocatalytic oxidation reaction 
For the following study, the effects of immobilized dry weight of sorbent, TiOi 
concentration and number of beads on both sorption capacity and PCO reaction were 
studied. For UV intensity, H2O2 concentration and initial pH, only their effects on PCO 
1 
reaction were studied. MX-5B concentration of 150 mg/L was used instead because 
precipitates were observed when calcium alginate beads were immersed in 200 mg/L of 
MX-5B. Since immobilized cells were less sensitive to agitation rate temperature and pH 
as compared to suspended cells (Fraser and Bickerstaff, 1997; Chang et al, 2001), these 
factors were not studied for immobilized cells. 
4.2.1 Effect of dry weight of immobilized cells of Vibrio sp. 
4.2.1.1 Sorption 
The effect of different immobilized dry weight ofbiomasses on RC was shown in Figure 
4.19. All RCs started to plateau at 60 min (Figure 4.19a), so RC90min was selected for 
comparison (Figure 4.19b) to ensure complete equilibrium had been reached. RCgomin 
increased from 3.60 to 6.13 mg/g when biomass increased from 0 to 70 mg. Further 
increase in biomass did not improve RC90min, so 70 mg immobilized biomass was chosen 
for further study. 
In the absence of cells, calcium alginate beads immobilized with TiOi and alginate beads 
alone obtained RC of 3.60 and 2.17 mg/g respectively with statistical significant 
difference as described in Figure 4.20. Therefore, TiO� immobilized should contribute 
sorption of MX-5B to some extent. RCs of alginate beads immobilized with Ti02 (i.e. 
3.60 mg/g) and immobilized with cells (i.e. 3.69 mg/g) were statistically similar. RC was 
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Figure 4.19 Effect of different dry weight of Vibrio sp. immobilized on RC (a) and 
RCgomin (b). Sorption of calcium alginate beads (AB), AB immobilized with 7 0 m g 
biomass were tested as control and shown in (a). Experimental conditions: 30°C, 
0%o, initial pH 3，150 mg/L of MX-5B, 500 beads, 5,000 mg/L immobilized Ti02 
and 200 rpm. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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sharply enhanced to 6.13 mg/g when both bacterial cells and Ti02 were presented. The 
immobilized calcium alginate beads before and after sorption of 150 mg/L of MX-5B are 
shown in Plate 4.3a and 4.3b respectively. 
4.2.1.2 Photocatalytic oxidation 
The effect of different immobilized dry weight of biomasses on the decolorization rate of 
PCO reaction is described in Figure 4.21a. For the calcium alginate beads immobilized 
with 70 and 145 mg of cells, decolorization equilibrium started at 120 min with 91.63 
1 
and 95.79% respectively. After 180 min reaction, 97.74 and 99.26% decolorizations 
were achieved respectively. Percentages of decolorizations at 120 min of different 
immobilized dry weight of biomasses was selected and plotted as Figure 4.21b. The 
decolorization rate increased with the increase in the amount of immobilized cell 
biomass up to 70 mg, which was selected for further study. When comparing the 
decolorization percentages of alginates beads without (i.e. 47.38%) and with 
immobilized with 70 mg of cells (i.e. 91.63%), great enhancement of decolorization rate 
for 44% was observed. Plate 4.4 shows the reaction matrix and calcium alginate beads 
after 3 h PCO reaction. 
4.2.2 Effect of UV intensities 
The effect of UV intensities on PCO reaction is described in Figure 4.22. In Figure 4.22a, 
during the 120 min of reaction, decolorization sharply increased without level off, except 
a gentle increase at 0 mW/cm^ was observed. Figure 4.22b shows the percentage of 
decolorization at 120 min. When UV intensity increased from 0 to 0.77 mW/cm^ the 
decolorization increased from 18.14 to 90.29%. As the efficiency of decolorization was 
the highest for 0.77 mW/cm^ it was selected for further study. 
4.2.3 Effect of TiCh concentration 
4.2.3.1 Sorption 
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Figure 4.20 RC90min of calcium alginate beads (AB), AB immobilized with 70 mg of 
Vibrio sp. and calcium alginate beads (AB) immobilized with 5,000 mg/L TiO: were 
tested as control. Experimental conditions: 30°C, 0%�, initial pH 3，150 mg/L of MX-5B, 
500 beads and 200 rpm. Each bars and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are statistically 
different (One way ANOVA followed by Tukey test, p<0.05). 
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Plate 4.3 Calcium alginate beads immobilized with 70 mg biomass and 5,000 mg/L of 
Ti02 before (a) and after 120 min sorption in 150 mg/L of MX-5B. 
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Figure 4,21 Effect of different dry weights of Vibrio sp. immobilized on the 
decolorization rate during 180 min of PCO reaction (a) and at 120 min (b). 
Experimental conditions: 5,000 mg/L immobilized TiO�，0.77 mW/cm^, initial pH 
4，500 beads and 40 mM H2O2. Each points and error bars represent respective 
mean and standard deviations of triplicates. Means with the same color but 





Plate 4.4 Reaction matrix after 3 h decolorization of 150 mg/L of MX-5B by PCO 
reaction (a), calcium alginate beads after reaction (b). 
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Figure 4.22 Effect of UV intensities on the decolorization rate during 120 min of 
PCO reaction (a) and at 120 min (b). Experimental conditions: 70 mg biomass of 
Vibrio sp., 5,000 mg/L immobilized Ti02, initial pH 4，500 beads and 40 mM 
H2O2. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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The effect of TiO� concentration on sorption is shown in Figure 4.23. In Figure 4.23a, in 
different Ti02 concentration, sorption plateaued at 60 min. Therefore, RC^min was 
selected for comparison in Figure 4.23b to ensure complete equilibrium had been 
reached. At 90 min, RC increased from 4.04 to 6.13 mg/g when TiO: concentration 
increased from 0 to 5,000 mg/L. Further increase in TiO! concentration caused a 
decrease in RC to 4.72 mg/g significantly. 
4.2.3.2 Photocatalytic oxidation 
The effect of TiO� concentration on PCO is shown in Figure 4.24. From Figure 4.24a, 
during the 120 min of reaction, decolorization increased sharply without plateauing, 
except a gentle increase at 0 mg/L Ti02 was observed. Figure 4.24b shows the 
percentage of decolorization at 120 min. Decolorization rate increased from 20.87 to 
90.29% when concentration of TiO� increased from 0 to 5,000 mg/L. However, when 
TiOi concentration increased from 5,000 to 10,000 mg/L, insignificant increase from 
90.29 to 94.90% was observed. In addition to the optimal RC obtained for sorption, 
5,000 mg/L Ti02 concentration was chosen for further study. 
4.2.4 Effect of H2O2 concentration 
The effect of H2O2 concentration on PCO is shown in Figure 4.25. In Figure 4.25a, 
during the 120 min of reaction, decolorization increased sharply, except for 0 mM H2O2. 
For 0 mM H2O2, only 4.36% of MX-5B decolorized during the first 15 min, and then the 
decolorization slowed down and achieved 10.51% at 120 min. From 4.25b, as the 
concentration of H2O2 increased from 0 to 20 mM, decolorization increased from 10.51 
to 88.52%. Further increase in H2O2 concentration from 20 to 80 mM did not 
significantly enhance the decolorization rate (i.e. from 88.52 to 91.46%). Therefore, 
H2O2 concentration of 20 mM was selected for further study. 
4.2.5 Effect of the number of beads 
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Figure 4.23 Effect of different TiCh concentrations immobilized on RC (a) and 
RCgomin (b). Experimental conditions: 30°C, 0%o, initial pH 3，150 mg/L ofMX-5B, 
500 beads, 70 mg immobilized biomass of Vibrio sp. and 200 rpm. Each points and 
error bars represent respective mean and standard deviations of triplicates. Means 
with the same color but different letter are statistically different (One way ANOVA 
followed by Tukey test, p<0.05). 
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Figure 4.24 Effect of different TiO� concentration immobilized on the decolorization 
rate during 120 min of PCO reaction (a) and at 120 min (b). Experimental conditions: 
70 mg biomass of Vibrio sp., 0.77 mW/cm^ UV intensity, initial pH 4，500 beads and 
40 mM H2O2. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.25 Effect of H2O2 concentrations on the decolorization rate during 120 
min of PCO reaction (a) and at 120 min (b). Experimental conditions: 70 mg 
biomass of Vibrio sp” 5,000 mg/L immobilized TiC^，0.77 mW/cm^ UV intensity, 
initial pH 4 and 500 beads. Each points and error bars represent respective mean 
and standard deviations of triplicates. Means with the same color but different 
letter are statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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4.2.5.1 Sorption 
The effect of the number of alginate beads on sorption is shown in Figure 4.26. In Figure 
4.26a, sorption of 200 and 400 beads reached a plateau at 15 min while that of 500 and 
600 beads started to level off at 60 min. Therefore, RCgomin was selected for comparison 
in Figure 4.26b in order to ensure complete equilibrium. At 90 min, RCs of 200, 400 and 
500 beads were 6.23, 6.14 and 6.13 mg/g respectively, which were similar statistically. 
However, if the number of beads increased to 600, RC decreased to 5.03 mg/g. 
Therefore, for sorption, 200, 400 and 500 beads were selected for further study. 
4.2.5.2 Photocatalytic oxidation 
The effect of the number of alginate beads on PCO reaction is shown in Figure 4.27. In 
Figure 4.27a, decolorization increased sharply during the 120 min of reaction, except for 
0 beads. For 0 beads, only 1.30% of MX-5B decolorized after 120 min irradiation. In 
Figure 4.27b, decolorization increased from 1.30 to 88.52% as the number of beads 
increased from 0 to 500. The decolorization could not be enhanced by further increasing 
the beads number to 600 (i.e. 86.83%). Together with the consideration of the effect of 
beads number on the sorption performance, 500 TiOi and cells immobilized beads was 
selected for further study. 
4.2.6 Effect of initial pH with and without the addition of H2O2 
The effect on the initial pH on PCO reaction is shown in Figure 4.28. In Figure 4.28a, 
decolorization increased sharply without plateauing during the 120 min of reaction for 
all the tested initial pHs. In Figure 4.28b, at initial pH 4, 88.52% of decolorization was 
obtained, which was statistically similar to 84.87% of decolorization at initial pH 10. On 
the other hand, statistically similar decolorizations rates were obtained for initial pH 6 
(i.e. 79.86%), 8 (i.e. 76.92%) and 10 respectively. The final pHs were shown in black 
numerical values in the Figure 4.28b. For initial pH 4, the final pH was 3.60, which was 
similar to the initial pH. However, for initial pH 6, 8 and 10, great drop in final pHs to 
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Figure 4.26 Effect of different numbers of calcium alginate beads on RC (a) and 
R C Q O m i n (b). Experimental conditions: 30°C, 0%o, initial pH 3，150 mg/L of MX-5B， 
500 beads, 70 mg biomass of Vibrio sp., 5 000 mg/L immobilized TiOz and 200 
rpm. Each points and error bars represent respective mean and standard deviations 
of triplicates. Means with the same color but different letter are statistically different 
(One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.27 Effect of the number of calcium alginate beads on the decolorization 
rate during 120 min of PCO reaction (a) and at 120 min (b). Experimental 
conditions: 70 mg immobilized biomass of Vibrio sp., 5,000 mg/L immobilized 
Ti02，0.77 mW/cm^ UV intensity, initial pH 4 and 20 mM H2O2. Each points and 
error bars represent respective mean and standard deviations of triplicates. Means 
with the same color but different letter are statistically different (One way ANOVA 
followed by Tukey test, p<0.05). 
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Figure 4.28 Effect of initial pH on the decolorization rate during 120 min of PCO 
reaction (a) and at 120 min (b). Experimental conditions: 70 mg biomass of Vibrio 
sp” 5,000 mg/L immobilized TiO�，0.77 mW/cm^ UV intensity, 20 mM H2O2 and 
500 beads. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). The 
black numerical values shown are the mean of final pHs. 108 
4.04, 4.31 and 6.38 were obtained respectively. 
Since the presence of H2O2 in the medium would produce hydroxide ions and affect 
initial pH. The effect of initial pHs on PCO reaction was tested in the absence of H2O2 
and the results are presented in Figure 4.29. As shown in Figure 4.29a, the 
decolorizations of all the tested initial pHs were about or less than 10%, which were 
much lower than those in the presence of H2O2. Similarly, percentages of decolorizations 
at 120 min were chosen and plotted as Figure 4.29b. Similar to the result of having H2O2 
addition, initial pH 4 obtained the highest percentage of decolorization, i.e. 10.26%. The 
1 
final pH obtained was pH 4, which was same as the initial pH. When the initial pH 
increased, the percentages of decolorization decreased, though no statistically significant 
differences were found between them. For initial pH 10, the percentage of decolorization 
was only 0.41%. As comparing to the final pHs obtained in the presence of H2O2, the 
final pHs of initial pH 4, 6 and 10 were similar. However, final pH of 6.61 was obtained 
for initial pH 8 in the absence of H2O2 instead of pH 4.31. Since the final pH after 
sorption of 150 mg/L of MX-5B of initial pH 3 was 4, no further pH adjustment was 
needed. In addition, initial pH 4 obtained the highest percentages of decolorization both 
in the presence and absence of H2O2. Therefore, initial pH 4 was selected for further 
study. 
4.2.7 Control experiments for photocatalytic oxidation of Procion Red MX-5B 
From Figure 4.30, if UV, H2O2 or TiCh was provided alone, significantly similar and low 
percentages of decolorizations were obtained, i.e. 2.03, 2.97 and 3.38% respectively. In 
the presence of UV together with H2O2 or TiO? could enhance the percentage 
significantly to 24.64 and 23.54% respectively. So, UV intensity was an important 
parameter to PCO reaction rate. When H2O2 was added with UV and TiO�，the 
decolorization percentage increased sharply to 99.58%. When comparing with that of 
UV and TiOi only, so H2O2 was also important for the rate enhancement. Ti02 is 
inexpensive and reusable, the amount applied can be increased without great rise in 
capital and operational cost. Hence, H2O2 and UV were selected for combination study. 
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Figure 4.29 Effect of initial pH on the decolorization rate during 120 min of PCO 
reaction (a) and at 120 min (b) in the absence of H2O2. Experimental conditions: 
70 mg biomass of Vibrio sp., 5,000 mg/L immobilized TiCh，0.77 mW/cm^ UV 
intensity, and 500 beads. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). The 
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Figure 4.30 Decolorization of 100 mg/L of MX-5B under different control conditions for 
PCO. Experimental conditions: 70 mg biomass of Vibrio sp., 5,000 mg/L immobilized 
Ti02, 0.77 mW/cm^ UV intensity, 20 mM H2O2 and 500 beads. Each bars and error bars 
represent respective mean and standard deviations of triplicates. Means with the same 
color but different letter are statistically different (One way ANOVA followed by Tukey 
test, p<0.05). 
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4.2.8 Combinational study of UV intensities and H2O2 concentrations 
The combinational effect of UV intensities and hydrogen peroxide concentrations on the 
decolorization is described in Figure 4.31. At different H2O2 concentrations, increase in 
UV intensity increased decolorization rate. For UV intensity 0.19 and 0.58 mW/cm , 
increase in H2O2 concentration from 0 to 40 mM increased the percentages of 
decolorization from 2.79 to 48.65% and 1.23 to 54.22% respectively. However, further 
increase in H2O2 concentration to 80 mM, the percentages of decolorizations decreased 
to 38.33 and 47.19% respectively. For UV intensity 0.77 mW/cm^, increase in H2O2 
concentration increased the percentages of decolorization and leveled off at 20 mM 
H2O2 with decolorization of 88.52%. Therefore, PCO reaction carried out under 20 mM 
H2O2 and UV intensity of 0.77 mW/cm^ should be the most cost effective combination. 
4.2.9 Photocatalytic oxidation of MX-5B under optimal conditions 
After all the optimizations, PCO of 150 mg/L MX-5B was conducted under the 
optimized conditions, i.e. alginate beads immobilized with 70 mg dry weight of Vibrio 
sp. and 5,000 mg/L Ti02, 0.77 mW/cm^ of UV, initial pH 4, 500 beads and 20 mM H2O2. 
The result is described in Figure 4.32. Decolorization started to plateau at 150 min with 
93.66% and reached 99.39% at 210 min. 
4.2.10 Sorption isotherm of calcium alginate beads immobilized with 70 mg Vibrio 
sp. and 5,000 mg/L TiOz 
The Langmuir and Freundlich sorption isotherms were employed and results are 
described in Figure 4.33. The Langmuir and Freundlich constants and correlation 
coefficients are given in Table 4.3. Based on the correlation coefficients, it is obvious 
that the sorption model of Vibrio sp. and TiO� immobilized alginate beads fitted 
Freundlich isotherm (r^=0.9481) (Figure 4.33b) better than Langmuir isotherm 
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Figure 4.31 Combinational effects of UV intensities and hydrogen peroxide 
concentrations on the photocatalytic oxidation of 150 mg/L of MX-5B at 120 min. 
Experimental conditions: calcium alginate beads immobilized with 5,000 mg/L of TiO] 
and 70 mg of biomass of Vibrio sp., initial pH 4 and 500 beads. Each points and error 
bars represent respective mean and standard deviations of triplicates. 
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Figure 4.32 Photocatalytic oxidation of 150 mg/L of MX-5B under optimized 
conditions. Experimental conditions: alginate beads immobilized with 70 mg 
Vibrio sp. and 5,000 mg/L TiO】，UV intensity of 0.77 mW/cm]，initial pH 4，500 
beads and 20 mM H2O2. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.33 Langmuir (a) and Freundlich (b) sorption isotherms of MX-5B by 
calcium alginate beads immobilized with 70 mg Vibrio sp. and 5,000 mg/L 
Ti02. Experimental conditions: initial pH 4, 500 beads, 30�C and 200 rpm. 
Each point represents means of triplicates. 
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Table 4.3 Langmuir and Freundlich isotherm constants and correlation coefficients for 
sorption of MX-5B by calcium alginate beads immobilized with 70 mg of Vibrio sp. and 
5,000 mg/L Ti02. 
Langmuir Isotherm Freundlich Isotherm 
Ce/qe 二 1/bqmax + Ce/q^ax log q�二 log k + 1/n log Ce 
^ ^ b ？ k 7 
^ 8.85x10-' Tm ^ 
4.3 Biodegradation 
4.3.1 Isolation of cyanuric acid-utilizing bacteria 
Seven red colored colonies were observed on MMCA agar with 50 mg/L MX-5B. They 
were isolated and named as Strains CAl to CA7. In the subsequent test, none of them 
produced red color. They were pale yellow or white in color on MMCA without dye. 
4.3.2 Determination of cyanuric acid 
CA analysis was performed by High performance liquid chromatography (HPLC). 
Figure 4.34 shows the standard curve of CA (r:二0.9964). The retention time of CA was 
4.395 min and its HPLC chromatogram is shown in Figure 4.35. 
4.3.3 Screening of Procion Red MX-5B sorption ability 
The sorption abilities of these seven strains were unsatisfactory. Only Strains CA3, CA4, 
CA5 and CA7 showed positive RCsomin and RCeomin, which were summarized in Table 
4.4. Sorptions of them were not as good as Strains B, F, L and U stated in Section 4.1.3, 
so they were not used in sorption of MX-5B. 
4.3.4 Screening of cyanuric acid-utilizing ability 
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Figure 4.34 The peak areas of known concentrations of cyanuric acid (CA) 
against different concentrations in HPLC. 
Figure 4.35 HPLC chromatogram of CA in standard solution of 200 mg/L with 
150/00. 
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Table 4.4 Dye removal capacities of some potential MX-5B-sorbing and CA-utilizing 
potential bacteria. 
Bacterial Strains RCaomin (mg/g) RCeomin (mg/g) 
CA3 T m ~ 
CA4 4.11 2.85 
CA5 1.59 2.72 
CA7 4.33 4.95 
I 
Figure 4.36 describes the growth of the seven potential bacterial strains and four 
MX-5B-sorbing bacteria in the MMCA. Since only bacterial Strain CAl grew well in 
the medium with absorbance 0.38 at 520 nm, so it was selected for further study. 
4.3.5 Bacterial identification 
From the result of the MIDI System and the 16S rDNA identification method, CAl was 
identified as Vibrio fluvialis with similarity index of 0.794 and 99% respectively. 
Based on the criteria stated in Section 4.14，the results belonged to good library match. 
While for the Biolog System, Vibrio fluvialis with similarity index of 0.739 (4-6 h) was 
identified but the result was confident only to the genus level, i.e. genus of Vibrio. 
4.3.6 Growth and cyanuric acid removal efficiency of the selected bacterium 
The morphology of V. fluvialis on PY agar is shown in Plate 4.5. The growth and CA 
removal efficiency (RE) of V. fluvialis are shown in Figure 4.37. Growth of V fluvialis 
was observed at the 11 h when RE was 24.37%. It indicated that V fluvialis grew after 
th 
CA removal started. Parallel growth and CA removal patterns were observed. At the 16 
h, stationary phase began, when 100% of CA removal was measured. In addition, CA 
was mainly removed during the log phase. Plate 4.6 shows the bacterial culture of V 
fluvialis at 0 and 17 h respectively. Figure 4.38 shows the HPLC chromatogram during 
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Figure 4.36 Growth of bacterial Strains CAl-7 and Strains B, F，U and L in MMCA with 
200 mg/L of CA and 10 mM glucose at 30°C, 200 rpm, initial pH 7.2. Each bar and error 
bars represent respective mean and standard deviations of triplicates. 
119 
E國 國 
Plate 4.5 The morphology of Plate 4.6 Bacterial culture of Vibrio 
Vibrio fluvialis on PY agar. fluvialis at the ( f (right) and 1 h (left). 
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Figure 4.37 Growth of V fluvialis and removal efficiency (RE) of 200 mg/L of 
CA. Experimental conditions: 30°C, 200 rpm, 15%o and 10 mM glucose. Each 
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retention time of 2.43 min was the peak of seawater while the peak of CA was at 4.39 
min. Figure 4.38b shows the chromatogram at the h, two peaks were formed at 3.96 
and 4.51 min while the peak height of CA decreased slightly. The chromatogram at the 
16th h is shown in Figure 4.38c, CA peak disappeared and two new peaks were formed. 
4.3.7 Optimization of reaction conditions 
4.3.7.1 Effect of salinity 
The effect of salinity on growth and CA removal efficiency (RE) are shown in Figure 
4.39. As shown in Figure 4.39a and 4.39b, no growth and CA removal was observed at 
0%o. Better RE and growths with absorbance of around 60 Klett unit were found at 5, 10 
and 15%o. Slower growth and CA removal was found at 20, 25 and 30%o. Parallel growth 
and CA removal patterns were observed. At the 16出 h, 100% CA removal was observed 
at 5, 10 and 15%o, so RE at 16 h was selected for comparison and plotted as Figure 4.40. 
V. fluvialis could remove CA in a wide range of salinity, i.e. 5 to 30%o, but better 
performance was observed from 5 to 15%o. Above 15%。，RE decreased as salinity 
increased. Growth rates at different salinities were also plotted in Figure 4.40. 
Statistically similar growth rates of V. fluvialis were found in the range of 5 to 15%o too. 
Since V. fluvialis was isolated from activated sludge with 15%o and good performance 
was observed in this salinity, 15%o was selected for further study. 
4.3.7.2 Effect of cyanuric acid concentration 
The effect of CA concentration on growth and RE are shown in Figure 4.41. As shown in 
Figure 4.41a and 4.41b, no growth was observed at 0 mg/L of CA. For 20 and 40 mg/L 
of CA, both growth and RE were not good. For 80 to 1,600 mg/L of CA, similar CA 
removal patterns were resulted and all achieved 100% CA removal after 16 has shown 
in Figure 4.41b. Meanwhile, when CA concentrations increased from 80 to 1,600 mg/L, 
absorbances of cell cultures also increased, e.g., from 38 to 220 Klett units at 16 h, i.e. 
more cells were produced when more CA was provided. As well as growth rates of 
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Figure 4.39 Effect of different salinities on the growth (a) and removal efficiency 
(RE) (b) of 200 mg/L of CA by V fluvialis. Experimental conditions: 200 rpm, 
initial pH 7.2, 10 mM glucose and 30°C. Each points and error bars represent 
respective mean and standard deviations of triplicates. Means with the same color 
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Figure 4.40 CA removal efficiency (RE) at the h and growth rate of K fluvialis 
under different salinities. Experimental conditions: 200 rpm, 200 mg/L of CA, initial pH 
7.2, 10 mM glucose and 30°C. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.41 Effect of different CA concentrations on the growth (a) and 
removal efficiency (RE) (b) by V fluvialis. Experimental conditions: 15%o, 
200 rpm, initial pH 7.2，10 mM glucose and 30�C. Each points and error 
bars represent respective mean and standard deviations of triplicates. 
Means with the same color but different letter are statistically different 
(One way ANOVA followed by Tukey test, p<0.05). 
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different CA concentrations, REs at 16 h are plotted as in Figure 4.42. RE increased 
when CA concentration increased from 0 to 80 mg/L. Hundred percent of REs were 
achieved in 80 to 1,600 mg/L of CA. Also, increased in CA concentration resulted in 
increased growth rates in the range of 0 to 200 mg/L. Afterwards, similar growth rates in 
the range of 0.53 to 0.64 Klett unit/h were obtained when 200 to 1,600 mg/L of CA was 
provided in the medium. CA concentration of 80 mg/L was chosen for further study. 
4.3.7.3 Effect of temperature 
Figure 4.43 describes the effect of different incubation temperatures on growth and CA 
removal efficiency. At 40�C, growth and CA removal were not observed as shown in 
Figure 4.43a and 4.43b. From Figure 4.43a, poorer growth was found at 20 and 25°C, as 
well as at 35°C. Similarly, at the 20出 h, RE of20°C (i.e. 13.05%), 25°C (i.e.16.82%) and 
35°C (i.e. 35.14%) were poor as shown in Figure 4.43b. At 30�C, 100% CA removal was 
th 
achieved at the h and maximum absorbance of 37 Klett unit was observed at the 18 
h. REs at the h and growth rates at different incubation temperatures were plotted in 
Figure 4.44. As shown in Figure 4.44, maximum growth rate (i.e. 0.41 Klett unit) and 
CA removal efficiency (100%) were obtained at 30�C. Poor growth and RE resulted 
when temperatures became higher or lower. Therefore, 30�C was selected for further 
study. 
4.3.7.4 Effect of agitation rate 
The effects of different agitation rates on growth and CA removal efficiency are 
presented in Figure 4.45a and 4.45b. Similar growth patterns and REs were obtained for 
agitation rates of 0, 50, 100 and 300 rpm. Growth at 200 rpm obtained absorbance of a 
few Klett units higher than the others. At the h, 100% CA removal was obtained for 
200 rpm. For 0, 50 and 100 rpm, 18 h were needed for 100% RE while a relatively 
longer time, i.e. 20 h were needed for 300 rpm. Figure 4.46 describes the RE at the 16出 h 
of different agitation rates and their respective growth rates. Maximum RE (i.e. 100%) 
and growth rate (i.e. 0.34 Klett unit/h) were observed at 200 rpm. Poor growth and RE 
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Figure 4.42 CA removal efficiency (RE) at the h and growth rate of V fluvialis 
under different CA concentrations. Experimental conditions: 200 rpm, 15%o, initial pH 
7.2, 10 mM glucose and 30°C. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.43 Effect of different temperatures on the growth (a) and removal 
efficiency (RE) (b) of 80 mg/L of CA by V. fluvialis. Experimental conditions: 
200 rpm, initial pH 7.2，10 mM glucose and 15%o. Each points and error bars 
represent respective mean and standard deviations of triplicates. Means with the 
same color but different letter are statistically different (One way ANOVA 
followed by Tukey test, p<0.05). 
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Figure 4.44 CA removal efficiency (RE) at the h and growth rate of V 
fluvialis under different temperatures. Experimental conditions: 200 rpm, 80 
mg/L of CA, initial pH 7.2，10 mM glucose and 15%o. Each points and error bars 
represent respective mean and standard deviations of triplicates. Means with the 
same color but different letter are statistically different (One way ANOVA 
followed by Tukey test, p<0.05). 
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Figure 4.45 Effect of different agitation rates on the growth (a) and removal 
efficiency (RE) (b) of 80 mg/L of CA by V fluvialis. Experimental conditions: 
initial pH 7.2，10 mM glucose, 30°C and 15%o. Each points and error bars 
represent respective mean and standard deviations of triplicates. Means with the 
same color but different letter are statistically different (One way ANOVA 
followed by Tukey test, p<0.05). 
130 
120 1 「2.0 
RE (16、） 
• Growth rate b 
100- ^ ^ 
8 � - Z 、 I 




0 -J-n r 1 1 1 1 1 1- 0.0 
0 50 100 150 200 250 300 350 
Agitation rate (rpm) 
Figure 4.46 CA removal efficiency (RE) at the h and growth rate of V. fluvialis 
under different agitation rates. Experimental conditions: 30°C, initial pH 7.2, 80 mg/L of 
CA, 10 mM glucose and 15%o. Each points and error bars represent respective mean and 
standard deviations of triplicates. Means with the same color but different letter are 
statistically different (One way ANOVA followed by Tukey test, p<0.05). 
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were found when agitation rates shifted higher or lower. Therefore, 200 rpm was 
selected for further study. 
4.3.7.5 Effect of initial pH 
The effects of initial pH on growth and CA removal are shown in Figure 4.47. No 
growth or CA removal was observed at initial pH 3. At initial pH 4 to 8, the bacterial 
cells grew to similar absorbance, i.e. 33-36 Klett unit, at the h. For initial pH 4, 5， 
and 6, 100% CA removal required 20, 18 and 17 h respectively, while 17 and 16 h for 
initial pH 7 and 8 respectively. Figure 4.48 describes the RE at the h of different 
initial pHs and their respective growth rates. V fluvialis could grow and remove CA 
under a wide range of initial pHs. Generally, growth rates and RE increased to 0.38 Klett 
unit/h and 98.84% when initial pH increased up to initial pH 7. When comparing to 
initial pH 8, statistically lower growth rate (i.e. 0.32 Klett unit/h) but insignificantly 
different RE (i.e. 100%) were obtained. Therefore, initial pH 7 was selected for further 
study. 
4.3.7.6 Effect of initial glucose concentration 
The effects of glucose concentration on growth and CA removal are shown in Figure 
4.49a and 4.49b. No growth or CA removal was observed at glucose concentrations of 0 
and 30 mM. For 20 mM, poorer growth with 22 Klett unit at the 20出 h resulted and 18 h 
was needed for complete CA removal. Growth at 5 mM was slightly better than at 10 
mM as higher absorbance resulted while both removed 100% of the CA by the h. 
Figure 4.50 describes the RE at the h of different glucose concentration and their 
respective growth rates. RE of 20 mM glucose concentration was lower (i.e. 60.85%) 
than those of 5 mM and 10 mM (i.e. 100%). Growth rate of lOmM (i.e. 0.37 Klett unit/h) 
was the highest, followed by that of 5 mM (i.e. 0.27 Klett unit/h) and then 20 mM (i.e. 
0.16 Klett unit/h). 
4.3.7.7 Combinational study of glucose concentration and cyanuric add 
132 
(a) 50 1 
pH3 
- • - pH4 
pH5 
40 _ + pH 6 丁 
|3。_ 二 \ ^^^ 
0 J——f * ^ ^ ^ f ~ ~ * ~ ~ ¥ = = • • • . 
12 14 16 18 20 22 
Time (h) 
(b)120 -1 
pH 3 e e e 
- ^ P H 4 I i f h 
4 � _ a f 乂 
2 0 - ^ ^ ^ 
5 a a a a a a I 
0 - I——% • f • - • 率 , . 
12 14 16 18 20 22 
Time (h) 
Figure 4.47 Effect of different initial pHs on the growth (a) and removal 
efficiency (RE) (b) of 80 mg/L of CA by Y. fluvialis. Experimental conditions: 
200 rpm, 15%o, 10 mM glucose and 30°C. Each points and error bars represent 
respective mean and standard deviations of triplicates. Means with the same color 
but different letter are statistically different (One way ANOVA followed by Tukey 
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Figure 4.49 Effect of different glucose concentrations on the growth (a) and 
removal efficiency (RE) (b) of 80 mg/L by CA of R fluvialis. Experimental 
conditions: 200 rpm, initial pH 7.2，15%o and 30°C. Each points and error bars 
represent respective mean and standard deviations of triplicates. Means with the 
same color but different letter are statistically different (One way ANOVA 
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Figure 4.50 CA removal efficiency (RE) at the h and growth rate of V. fluvialis 
under different glucose concentrations. Experimental conditions: 200 rpm, initial pH 7.2, 
30°C and 15%o. Each points and error bars represent respective mean and standard 
deviations of triplicates. Means with the same color but different letter are statistically 
different (One way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.51 shows the combination effects of CA and glucose concentrations on the 
growth rate and RE of V fluvialis by the h. In the absence of either CA or glucose, 
no growth and CA removal was observed. Generally, higher glucose concentrations 
slowed down the growth rates and REs at different tested CA concentrations, except for 
1 and 2.5 mM glucose concentrations. With 20 mg/L CA, growth rate of 1 mM (i.e. 0.41 
Klett unit/h) was better than that of 2.5 mM (0.27 Klett unit/h). However, when CA 
concentration increased to 40 and 80 mg/L, they became statistically similar. When CA 
concentration increased to 160 mg/L, higher growth rate was obtained for 2.5 mM than 
that of 1 mM glucose. On the other hand, at 1 and 2.5 mM glucose concentrations, 
I 
increased in CA concentration from 20 mg/L to 160 mg/L could increase the growth 
rates from 0.41 and 0.27 Klett unit/h to 0.50 and 0.65 Klett unit/h respectively. 
4.4 Detection of cyanuric acid formed in photocatalytic oxidation 
The profiles of CA detected during prolong PCO reaction with or without H2O2 addition 
are shown in Figure 4.52. From 0 to 24 h, CA formed could not be quantified as no sharp 
peak could be observed in the chromatogram. CA concentration formed increased with 
time until 144 h, when plateaus started for both tests. At the 168^ ^ h, 0.74 (i.e. 23.41 
mg/L) and 0.87 mole of CA/mole of MX-5B (i.e. 26.92 mg/L) were obtained for without 
and with H2O2 addition respectively. Addition of H2O2 enhanced CA formation rate 
slightly though statistical insignificant difference was obtained when compared their 
respective time points by two way ANOVA test. The average final pH and salinity of 
both spent solution were pH 7.57 and l%o. 
4.5 Integration of sorption, photocatalytic oxidation and biodegradation 
From Figure 4.53, similar growth and CA removal rates were obtained for both control 
and treatment. Growth started at the h while CA removal was observed at the h. 
Complete CA removal was observed by the h. Plate 4.7 shows the bacterial culture 
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(a) and removal efficiency (b) of V fluvialis at the h. Experimental conditions: 200 
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Figure 4.52 CA profiles detected during PCO reaction with and without 
the addition of 80 mM of H2O2 at 24 h intervals. Experimental conditions: 
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p<0.05). 
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Figure 4.53 Biodegradation of CA prepared with PCO spent solution and MMCA with 
initial CA concentration of 23 mg/L and 21 mg/L respectively. Experimental 
conditions: 30�C，200 rpm, initial pH 7.2 with 1 mM of initial glucose and salinity of 
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Plate 4.7 Bacterial culture of Vibrio fluvialis at the (right) and h (left) in 




5.1.1 Isolation of Procion Red MX-5B-sorbing bacteria 
Vibrio sp. was isolated from the activated sludge collected of the Tai Po sewage 
treatment plant, which receives wastewater from the Tai Po industrial area, where a 
number of factories like printing factories that use dyes are located. Therefore, potential 
t 
candidates should be present in the wastewater as they are exposed constantly to the 
dyes. 
5.1.2 Screening of Procion Red MX-5B sorption ability 
Although all the isolated bacteria were stained red, differences in their dye sorption 
capacities were observed (Table 4.1). In the preliminary screening, four bacterial strains 
were selected for further study. Strain U was selected for further study as it showed the 
highest RC (i.e. 17.10 mg/g) and its performance was more stable than Strain L (Figure 
4.2). From Plate 4.1 and Plate 4.2, the red colored cell pellet and pale yellow colony of 
Strain U were observed, it indicated the red color stain was due to sorption of MX-5B 
rather than self production. 
5.1.3 Identification of isolated bacterium 
Three different species were identified with the same genus of Vibrio by the three 
identification methods, which were based on three different principles respectively (i.e. 
fatty acid profiles, 16S ribosomal DNA gene sequence and carbon sources utilization), 
so there may be derivations. In addition, all the matchings were not perfect as none of 
them obtained similarity index of one or similarity of 100%. Besides, Vibrio gallicus is a 
newly isolated bacterium, which cannot be found in the databases of the MIDI 
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Sherlock® Microbial Identification System and Biolog MicroLog™ System. Therefore, 
Strain U was preliminarily named as Vibrio sp. 
From Bergey's Manual of Systematic Bacteriology, Vibrio species are Gram negative 
with straight or curved rods shapes. They can be found in aquatic habitats with a wide 
range of salinities, so they are very common in marine and estuarine environments and 
on the surfaces and in the intestinal contents of marine animals. Some species can also 
be found in fresh water habitats. They are facultative anaerobes capable of both 
fermentative and respiratory metabolism using molecular oxygen as electron acceptor. 
I 
All of them are chemoorganotrophs and grow in mineral medium with D-glucose and 
NH4CI. In addition, sodium ions are required for all species' growth and most grow well 
in seawater base. All grow at 20°C and most grow at 30°C (Krieg, 1984). 
Gram negative bacteria generally have a higher dye sorption capacity than those of 
Gram positive bacteria (Hu, 1996) that may due to the higher biolipids contents in the 
cell wall portions (Smets and Rittman, 1990; Madigan et al., 2000). However, not all the 
Gram negative bacteria have dyes sorption ability as sorption is specific process (Hu, 
1996). 
5.1.4 Optimization of cell yield and sorption capacity 
5.1.4.1 Growth phase 
5.1.4.1.1 Growth curve 
Lag, log and stationary phases were observed for the growth of Vibrio sp. (Figure 4.3). 
Lag phase was observed may be due to three reasons (Singleton, 1992; Madigan et al, 
2000). First, the inoculum is taken from the stationary or death phase of the old medium 
and inoculated to the same but new medium. So time is required for reproduction as they 
have been depleted of some essential constituents in the old medium. Secondly, the 
inoculum may be transferred to a richer medium and the inoculum continues the growth 
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rate at the old medium for some time before increasing to the characteristic rate of the 
new medium. The cells must have a complete set of enzymes for the metabolisms in the 
old culture, so a period of time is required for the synthesis of some new enzymes. 
Lastly, the inoculum is transferred to a poorer medium. Under this condition, bacteria 
will not be able to grow until enough new proteins and enzymes are synthesized. Lag 
phase observed in this study was likely due to the first reason. 
After lag phase, log phase was observed. Cells in this phase are usually in their 
healthiest state. They utilize the carbon and energy sources to increase their cell number 
I 
(Sokatch, 1969; Singleton, 1992). The exponential rate is greatly influenced by 
environmental conditions like temperature and composition of the culture (Madigan et 
al., 2000). 
In the stationary phase, the net increase in the cell number or mass stopped due to the 
exhaustion of nutrients or accumulation of wastes or toxic products (Sokatch, 1969; 
Singleton, 1992; Madigan et al., 2000). 
Death phase was not observed in this study. The culture can remain fully viable in the 
stationary phase depending on the toxicity of the medium (Singleton, 1992). Therefore, 
death phase is not a must for all the growth curves of bacteria. 
5.1.4.1.2 Dye sorption capacity 
In this study, RC of bacterial culture harvested at the late log phase was the highest 
(Figure 4.4). It was also reported that better sorption of Procion Red G was obtained in 
earlier growth stage by Aeromonas sp. biomass and the author suggested that the 
sorption of dye was done by cell wall (Hu, 1992). On the other hand, higher sorption 
capacity of dye or metal ions was obtained using bacterial cells harvested at stationary 
phase (Chang et al., 1997; Lai, 1997; Wang et al., 2004) when exocelluar polymer is 
well produced (Tenney and Verhoff, 1973). However, in this study, poor RC was 
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obtained in the stationary phase, this indicated that sorption of Vibrio sp. was not 
performed by exocelluar polymers. 
Vibrio sp. is a Gram negative bacterium, of which the cell wall is composed of three 
major structural components: (1) the outer membrane is composed of 
lipopolysaccharides, proteins, and phospholipids; (2) the peptidoglycan (PEG) and (3) 
the inner membrane made up of proteins and phospholipids (Wang et al., 2004). The 
lipopolysaccharides of the outer membrane consist of three parts, the core 
polysaccharide, the ^^-polysaccharide and lipid A (Sokatch, 1969; Madigan et al., 2000). 
The core polysaccharide is composed of ketodeoxyoctone, heptoses, glucose, galactose 
and TV-acetylglucosamine. o-Polysaccharide is connected to the core one, which usually 
contains glucose, galactose, rhamnose and mannose, all of which are six-carbon sugars. 
One or more unusual dideoxy sugars such as colitose, paratose and abequose (Madigan, 
2000) is found. The lipid portion of the lipopolysaccharide is referred as lipid A, which 
is composed of caproic, lauric, myristic, palmitic and stearic acids (Sokatch, 1969; 
Madigan, 2000). Therefore, the cell wall is full of negatively charged groups such as 
carbonyl, carboxyl, phosphate, hydroxide and phosphodiester groups (Wang et al., 2004), 
which are potential site for substitution of nucleophilic groups (e.g., CI') in MX-5B (Rys 
and Zollinger, 1975). 
RC of the cell wall is different for different cell growth phases as the sorption capacity 
for inner and outer membrane, the variation of contents of PEG, inner and outer 
membranes depended on cell ages (Daughney et al, 2001; Wang et aL, 2004). Better 
sorption of metal ions was also found in the log phase (Macaskie and Dean, 1984; 
Chang et al., 1997). Some authors suggested that abundance of nutrients available in log 
phase allows cells to develop cell wall structures with high concentrations of anionic 
sites, and so higher sorption capacities can result. In stationary phase, cell wall structures 
with lower densities of anionic functional groups are favored (Daughney et al., 2001). 
For example, bacterial cells of Bacillus subtilis in log phase displayed roughly four 
times more carboxyl sites, twice as many phosphate sites, and 1.5 times as many amine 
sites (per unit weight) as cells in stationary phase (Daughney et al” 2001). Though, the 
change of cell wall composition and structure is specific, higher RC observed in the log 
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phase in this study may be because of similar reason, which might be supported by the 
observation of creamy white bacterial culture in log phase changed to creamy yellow at 
stationary phase, indicating the change of cell structure. During stationary phase, a 
decrease in peptidoglycan will occur in some Vibrio species (Krieg, 1984), which might 
account for the poor RC obtained. 
The equilibrium is defined as the minimum amount of time needed to establish a change 
of less than 5% of sorbate concentration (Viraraghavan and Slough, 1999). In the current 
study, time required to reach equilibrium appeared to be very short, within 60 min. It 
1 
was similar to the previous reports that sorption of Reactive Blue 5, Reactive Red 22, 
Reactive Violet 2, Reactive Yellow 2 by Aeromonas sp., Psuedomonas luteloa and 
Escherichia coli reached equilibrium within 1 h (Hu, 1996). Sorption equilibrium varies 
from a few minutes for algae to a few hours for bacteria (Baughman and Paris, 1981; 
MacRae, 1985). However, longer time might be required. For example, sorption of azo 
dye by Bacillus subtilis and E. coli required 8 to 24 h to reach sorption equilibrium 
(Michaels and Lewis, 1985). It was suggested that when fast sorption kinetic was 
observed, very active surface phenomena of the biomass was occurred (Selatnia et al., 
2004). 
From the Figure 4.4, RC increased sharply in the first 15 min and gently from 15 to 60 
min. Generally, sorption process is a biphasic mechanism. The first step is surface 
diffusion, which is called as intraparticle diffusion (Slaney and Bhamidimarri, 1998). 
Since the sorbates and sorbents are sufficiency available, so uptake of sorbate can occur 
rapidly (Tsui, 2000). The second step is the interparticle diffusion, in which mass 
transport into the sorbent binding sites (Slaney and Bhamidimarri, 1998) and 
intraparticle diffusion takes place under the extremely low sorbate concentrations left in 
the solution (Wu et al., 2001). Therefore, a longer time is required for the sorbates to 
diffuse and adsorb on the deep central of sorbents. 
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5.1.4.2 Initial pH 
5.1.4.2.1 Growth curve 
Each organism has a pH range within which growth occurs (Madigan et al., 2000). The 
optimum pH range of Vibrio sp. was pH 7 and 8. Hence, Vibrio sp. should be a 
neutrophile. Many Vibrio species can tolerate moderately alkaline condition (Krieg, 
1984); however, it was not the case of Vibrio sp. isolated in this study. Change in pH 
could not enhance the cell yield (Figure 4.5). 
5.1.4.2.2 Dye sorption capacity 
Generally, similar sorption capacities were obtained for initial pH 7 and 8 (Figure 4.6). 
Since Vibrio sp. is a neutrophile, similar growths and cell wall structures should result 
under optimum growth pH range. 
5.1.4.3 Temperatures 
5.1.4.3.1 Growth curve 
Temperature is one of the most important factors affecting growth of bacteria (Sokatch, 
1969; Madigan et al., 2000). Change in incubation temperatures improved the cell yield 
slightly (Figure 4.7). At 20°C, the slowest growth with a much longer lag phase and log 
phase was observed. Since chemical reactions and enzyme synthesis proceed at a slower 
rate at cooler environment, growth will be slowed down. Relatively faster growth was 
observed at 25 to 40°C, at which metabolic reactions inside cells proceed at higher rates 
and growth becomes faster (Madigan et al., 2000). Therefore, 25-40°C should be the 
optimum incubation temperatures. All Vibrio species can grow at 20°C, most grow at 
30°C, some at 40 to 45°C but none at 50°C (Krieg, 1984), which matched with the result 
obtained in this study. 
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5.1.4.3.2 Dye sorption capacity 
RC was affected by the incubation temperatures as cells grown at 20°C had a smaller RC 
than at other temperatures. In the range of 25-40°C, similar RCgomin was obtained (Figure 
4.8). When compared to 20''C, optimum temperatures can favor energy production per 
carbon atom utilized, so more energy can be used for cell wall and lipopolysaccharide 
synthesis (Lai, 1997). Hence, better RC was obtained in the optimum temperature range. 
However, changes in the incubation temperatures could not improve the RC by much. 
J 
5.1.4.4 Glucose concentrations 
5.1.4.4.1 Growth curve 
Glucose is the most common energy source used by bacteria (Sokatch, 1969; Singleton, 
1992). More glucose can favor the growth of bacterium as more carbon and energy 
sources are provided. However, if the concentration of glucose is too high, organic acid 
produced during glucose metabolism will acidify the medium quickly (Lai, 1997). From 
the result of Section 4.1.5.2.1, growth of Vibrio sp. was not favored at pH less than 7，so 
poor growth resulted at high glucose concentration. Since a slight drop in growth was 
observed at 5 g/L of glucose, it indicates that the glucose concentration was too high. 
Also, less growth yield was found at 0.5 g/L of glucose, which might be because this 
glucose concentration was not enough to support growth. 
5.1.4.4.2 Dye sorption capacity 
Some authors reported that the binding properties of bacteria will be affected by nutrient 
present in their growth medium (Cox et al, 1999; Borrok et al., 2004). When the 
nutrients are limited during growth, specific functional groups on bacterial surfaces may 
not be developed. The sizes and shape of bacteria may also change (Cox et al., 1999). 
Bacterial cells grown at low glucose concentration (i.e. 0.5 g/L) could not get enough 
nutrients to produce lipopolyssacharides (Lai, 1997), leading to poor RC. Cell yields at 1 
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and 2 g/L of glucose was similar, however, RC of 2 g/L was slightly higher than that of 
1 g/L. This result indicates that 2 g/L of glucose might be in excess for maximizing cell 
density (Lai, 1997) and excess glucose was used to produce cell wall for sorption. 
5.1.5 Optimization of sorption process 
It is well documented that the physicochemical conditions influence the performance of 
sorption greatly (Hu, 1996; Bousher et al., 1997; Sag and Kutsal, 2000; Selatnia et al, 
2004; Tewari et al., 2005). Therefore, optimization of physicochemical conditions could 
I 
let us realize the effects brought from changing experimental conditions and give a 
reference to select a condition yielding better sorption performance. 
5.1.5.1 Dry weight of sorbent 
As the amount of sorbent increased, RC decreased (Figure 4.11). High biomass 
concentration will lead to partial cell aggregation, causing a decrease of binding sites 
(Esposito et aL, 2001; Selatnia et al” 2004). In addition, a fixed mass of sorbent can 
only sorb a certain amount of dye. The more the sorbent dosage, the larger the volume of 
a certain sorbate concentration that a fixed mass of sorbent can purify. Thus, at the same 
concentration and volume of sorbate solution, decrease in RC with increasing sorbent 
mass is due to the amount of dye sorbed onto unit weight of sorbent reduced (Vadivelan 
and Kumar, 2005). Besides, when the sorbent concentration is low, sorbate molecules 
are forced to occupy the limited binding site of sorbents due to steeper concentration 
gradient, which leads to the increase of RC (Chan, 2002b). However, 4 and 5 mg of 
biomass were not chosen for use because the amount of cells were too small, which was 




In the present study, temperature did not affect the RC in the range of 20-40°C, which 
was similar with some previous studies (Hu, 1996; Lai, 1997; Chubar et al., 2003; Arica 
et al., 2004; Liao et al, 2004). As a matter of fact, temperatures of dyeing effluent 
usually is higher than the ambient temperatures (Hu, 1996), therefore cooling or 
temperature adjustment of the dyeing effluent may not be necessary before treating by 
sorption using bacterial cells, which favors the practical use. 
5.1.5.3 Agitation rate 
t 
RC increased with agitation rate up to 200 rpm (Figure 4.13), which matched with some 
previous studies (Dilek et al., 2002; Wong et al., 2003; Bekta§ et al., 2004; Acemioglu, 
2005). For low agitation rate, the biomass may agglomerate and reduce the exposed 
active sites for sorption (Mameri et al, 1999). Increase in agitation rate can lead to an 
increase in RC as the higher agitation rate can increase the contact chances and diffusion 
rates of bacterial cells and dye molecules (Lai, 1997; Sudha and Emilia, 2001; Selatnia 
et al” 2004), hence a better mixing will result. However, further increase in agitation 
rate cannot further increase the RC. Since vortex phenomena will occur if the agitation 
rate is too high, in which the sorbates and sorbents mixture are no longer homogenous, 
making sorption difficult (Selatnia et al” 2004). 
5.1.5.4 Salinity 
Salinity is directly proportional to the ionic strength of aqueous solution. In addition to 
pH, ionic strength is one of the important factors that influence the equilibrium uptake 
(Donmez and Aksu, 2002). In the present study, at initial pH 7, increased in salinity to 
30%o promoted the RC to 47.51 mg/g (Figure 4.14). Seawater of brand of Instant Ocean 
was used throughout the experiment. Different kinds and amount of cations and anions 
are present in the seawater. According to its composition, at 30%o, the net charge is 
positive with 18.57 mmol of monoequivalent positive charge more. Since the cell wall of 
Gram negative bacteria is full of nucleophilic groups like OH", these cations may adsorb 
on the bacterial cell surface and the net charge of the bacterial surface will become more 
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positive. This promotes the sorption of MX-5B through the SO3" groups present in the 
dye molecules (Lai, 1997). If the salinity decreases, the bacterial surface would be less 
positive, hence, the sorption of MX-5B through the SO3' groups decreases with 
decreases in salinity. 
However, Hu and his colleague (2003c) reported that the presence of inorganic ions such 
as PO/-, s o / ' , Ni+and Cu:. would inhibit the rate of PCO reaction of MX-5B. Seawater 
contains a variety of these inorganic ions, and the concentrations of these ions increase 
with salinity. Therefore, reaction rate would probably be inhibited if MX-5B solution 
was made with seawater. If a higher salinity were chosen, the PCO would be inhibited to 
a greater extent. On the other hand, if a lower salinity was chosen, the RC would be 
much lower, which would affect the PCO rate. Therefore, a moderate salinity of 15%o 
with moderate RC obtained was chosen for further study. 
5.1.5.5 Initial pH 
Initial pH is very important to all the sorption processes (Hu et al., 1998; Borrok et al,, 
2004). Solution pH influences both the cell surface binding sites and the dye chemistry 
in water (Aksu and Tezer, 2005). If bacterial cells were exposed to media with different 
pH, alternation of the structural and chemical properties of bacterial surfaces would 
result (Borrok et al., 2004). 
Gram negative bacteria contain different functional groups on the cell surface which can 
sorb the dye molecules at different pHs. For example, amino groups are electrophilic and 
hydroxyl groups are nucleophilic (Lai, 1997). In the present study, MX-5B could be 
sorbed by Vibrio sp. in a wide pH range, i.e. pH 1 to 10 (Figure 4.15). It indicated that 
more than one mechanisms were involved in sorption at different pH. Decrease in pH 
lead to increase in RC. This result was similar to Hu's finding (1996) that RC also 
decreased with pH increase. At initial pH 3, which was the lowest pH tested, all the 
bacterial cells {Escherichia coli, Aeromonas sp. and Pseudomonas luteola) showed the 
highest RC in removing reactive dyes. In addition, many studies have shown that 
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decreases in pH could enhance the RC (Wong et al., 1993; Chang et al” 1997; Lai, 
1997; Borrok et al., 2004; Selatnia et aL, 2004; Aksu and Tezer, 2005). 
Though the pKa values of the bacterium and MX-5B are unknown, we know that the 
pKa values of many bacteria are greater than two (Selatnia et al” 2004) and MX-5B 
released as colored dye anions in solution (Aksu. and Tezer, 2005). As pH decreases to 
lower than the pKa, the cell surface will become positively charged since nitrogen-
containing functional groups amine and imadazoles or carboxyl and phosphate groups in 
the bacterial cells will be protonated (Hu, 1996; Aksu and Tezer, 2005). Therefore, they 
can sorb the negatively charged MX-5B through the negatively charged SO3" (Hu, 1996; 
Lai, 1997). As the pH increases and is greater than the pKa, the number of negatively 
charged sites increases as the carboxylic, phosophate and amino groups are deprotonated, 
the number of positively charged sites decreases. Sorption of dye anions on negatively 
charged surface sites is not favorable due to the electrostatic repulsion with the SO3" 
groups (Selatnia et al, 2004; Aksu and Tezer, 2005). However, at alkaline medium, 
Vibrio sp. could still sorb MX-5B through the electrophilic group (Lai, 1997). Therefore, 
RC was also observed at alkaline pH. 
When initial pH decreased from pH 4 to 3, drastic increase in RC was observed. By 
observation, cell lysis began when initial pH decreased to pH 3. The extent of cell 
disrupt was greater at initial pH 1 and 2. Drastic increase in RC might be due to 
disruption of cells and hence larger surface area of bacterial binding sites was exposed 
(Hu, 1996). Chang et al (1997) and Wong et al. (1993) have found that there was 
structural change of Gram negative bacteria like Pseudomonas aeruginosa and P. 
putida when they were subjected to pH 2. In addition, Borrok et al. (2004) reported that 
the driving force of protonation appears to be great enough to displace cell wall 
structurally bound Mg2+ and Ca^ "^  from some bacteria under acidic conditions. Hence, 
the cell wall is irreversibly altered and resulted in increment of the proton and metal 
binding capacity, which can be three to five fold increments of effective functional 
groups. 
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5.1.5.6 Concentration of Procion Red MX-5B (MX-5B) 
RCgomin was observed when the MX-5B concentration increased up to 200 mg/L. The 
rate of increase slowed down after 200 mg/L (Figure 4.16). As MX-5B concentration 
increased, RC increased. It is simply related to equilibrium process (Tewari et aL, 2005) 
that the equilibrium shifts from the reactant side to the product side as the concentration 
of reactant increased (Halliwell and Gutteridge, 1989). At relatively low sorbate 
concentration, increase in RC is due to higher amount of sorbates present in solution 
(Tewari et al., 2005) and there is sufficient availability of binding sites of sorbents (Sag 
I 
and Kutsal, 2000). Moreover, a higher initial concentration provides a driving force to 
overcome all mass transfer resistances of the dye between the aqueous and solid phases 
and increases the number of collisions between dye anions and sorbent, thus increases 
the uptake (Donmez and Aksu, 2002; Aksu and Tezer, 2005). 
More binding sites of the bacterial cells were nearly saturated by the dye molecules (Lai, 
1997； Sag and Kutsal, 2000; Sudha and Emilia, 2001) as the concentration was greater 
than 200 mg/L. Therefore, at concentration lower than 200 mg/L, an increase in RC was 
proportional to the dye concentration but when the dye concentration further increased 
beyond 200 mg/L, the RC increased only slightly. 
Sorption equilibrium of a solute between liquid and solid phases can be described by 
various models of isotherms. Among them, Langmuir and Freundlich are the two most 
commonly used models for analyzing data of water and wastewater treatment 
applications (Arica et al., 2003). The fitness of the sorbent and sorbate system to the 
models can be reflected by the correlation coefficient (r^). From Table 4.2, r^  of 
Freundlich isotherm was 0.9095, which was much higher than that of Langmuir 
isotherm (r2=0.7732), therefore, sorption of MX-5B by Vibrio sp. should fit more to the 
Freundlich isotherm. It reflected that sorption of MX-5B by Vibrio sp. is a 
heterogeneous monolayer sorption, with energetic distribution of sites due to the 
diversity of binding sites or the diverse nature of sorbates, free or hydrolyzed species 
(Selatnia et al” 2004). Freundlich isotherm frequently represents sorption in biological 
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system (Bell and Tsezos, 1987). On the other hand, since the r^  of the Langmuir 
isotherm was not small, there is a possibility that sorption of Vibrio sp. may fit this 
isotherm to some extent. 
By considering the Freundlich isotherm, the magnitude of sorption intensity (n) can 
reflect the system suitability (Echeverria et al., 1998). It was suggested that when the 
value of n is greater than one, the sorption was under favorable conditions (Scott and 
Karanjkar, 1995). In addition, when the value of 1/n is small, e.g. between 0.1-0.5, the 
sorbent belongs to easy sorbent. If over 2.0, it is difficult in sorption (Liu and Weber, 
1 
1989) for microbial cells. The value of 1/n might vary from 0.5-1.4, depending on the 
microbial genus and the target organic compounds (Tsezos and Bell, 1989; Smets and 
Rittmann, 1990). In the current study, n (i.e. 2.63) was greater than one, so biomass of 
Vibrio sp. was suitable for sorption and it belongs to easy sorbent (1/n = 0.38). 
5.1.5.7 Combination study of parameter 
At initial pH 1, RCs were always high at different salinities and RCs decreased as initial 
pH increased (Figure 4.18), which may be explained similarly as in Section 5.1.5.5. At 
initial pH 3 and 4, provision of salinity could increase RCs, which can also be explained 
as in Section 5.1.5.4. 
5.2 Photocatalytic oxidation reaction 
5.2.1 Effect of dry weight of immobilized cells of Vibrio sp. 
5.2.1.1 Sorption 
All RCs started to plateau at 60 min which was similar to the previous study (Cheng, 
1998). Increase in dry weight of Vibrio sp. increased the RC (Figure 4.19) as more 
binding sites were available and the amount of sorbates adsorbed increased (Chan, 
2002b). Since the RC was calculated by the amount sorbates adsorbed over the dry 
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weight of sorbent and the dry weight of Vibrio sp. was negligible when compared to the 
dry weight of TiO! and calcium alginate, the increase in cell mass led to an increase in 
RC. 
Cells in the central zone of the beads would present an additional diffusional restriction 
(Aksu et al, 1998; Laca et al； 2000; Chang et al” 2001), so cells immobilized in the 
peripheral zone of the beads were more available for sorption, where the concentration 
of cells should have an upper limit. Further increase in cell mass might not be able to 
further increase the cell concentration in the peripheral zone as cell aggregation occurred 
(Esposito et al., 2001; Selatnia et aL, 2004), so further increase of RC was not observed. 
Therefore, the diameter of the immobilized beads is very important as diffusion 
problems become more significant with increasing bead diameter. A suitable diameter is 
around 3-4 mm (Fraser and Bickerstaff, 1997), while the beads prepared in the current 
study was about 3 mm. 
Calcium alginate beads alone could sorb little amount of dye which was similar to the 
previous study (Figure 4.20) (Chang et aL, 2001). As alginate beads possess negative 
charges and the repulsive force is formed between negatively-charged MX-5B that 
impedes the contact of the dye molecules (Chang et al, 2001). When TiOi were also 
immobilized, RC increased a little. At acidic medium, TiOz became positively charged 
and might sorb the dye molecules by electrostatic force (Hu et al, 2003b). 
5.2.1.2 Photocatalytic oxidation 
Addition of 70 mg of Vibrio sp. caused a great enhancement of decolorization rate at 
440/0 (Figure 4.21). It is believed that PCO reaction takes place on or near to the catalyst 
surface (Matthews, 1990; Vidal, 1998; Yang et al., 2001; Zielinska et al； 2003). As 
TiOi and bacterial cells were immobilized together, sorption could shorten the distance 
between dye molecules and TiOi particles and concentrated the dye molecules onto the 
cell surfaces. Hence, the chance of collision between dye molecules and Ti02 particles 
increased. The chance of collision was enhanced as the supply of the sorbed dye 
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molecules to the sorbent/TiO: interface could occur faster when compared with the free 
collision of dissolved dye molecules in a dilute concentration of naked TiOi (Cheng, 
1998). Therefore, the rate of PCO reaction increased. Besides, Torimoto et al (1996) 
reported that activated carbon used as the sorbent support could trap the degradation 
intermediates formed, which was likely to have happened in the immobilized beads. On 
the other hand, most of the reaction intermediates would dissolve in the solution phase in 
case of naked TiOj. Thus, once the target substrate molecules diffuse to the sorbent/TiOi 
interface, complete mineralization by PCO reaction proceeds consecutively without 
accumulating intermediates (Cheng, 1998). 
1 
5.2.2 Effect of UV intensity 
UV irradiation is the most critical step in the PCO reaction as TiO? can only be activated 
by the UV irradiation (Halmann, 1996; Herrmann, 1999). In the current study, the rate of 
decolorization increased with UV intensity up to 0.77 mW/cm^ which was the 
maximum UV output of the PCO reactor. The result was similar to the previous studies 
(Mills et al., 1993; So et al., 2002). Since UV intensity determined the amount of photon 
absorbed by TiOi (So et al., 2002), the higher the UV intensity, more •OH were 
generated for decolorization of MX-5B. 
5.2.3 Effect of TiCh concentration 
5.2.3.1 Sorption 
RC increased when TiO: concentration increased up to 5,000 mg/L (Figure 4.23). At 
acidic medium, TiOi particles become protonated and hence can assist in sorption of 
anionic MX-5B dye molecules (Hu et al., 2003c; Comparelli et al, 2005) and sorption of 
dye onto Ti02 particles is important for efficient PCO reaction (Kamat, 1989). Therefore, 
increasing in TiCh concentration provided more binding sites for MX-5B which 
enhanced the RC. However, further increase in TiO] concentration to 10,000 mg/L 
caused a decrease in RC. It might be because Ti02 concentration became too high that 
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they shielded some of the binding sites of bacterial cells and reduced the amount of MX-
5B sorbed. 
5.2.3.2 Photocatalytic oxidation 
Decolorization of 20.87% was observed at 0 mg/L of TiO!, which was likely contributed 
by the reaction of UV and H2O2 and less •OH generated as shown in Equation 1.11 (Yue 
and Legrini, 1992). The rate of decolorization increased with increase in TiO� 
concentration (Figure 4.24). Increase in TiO? concentration increases the rate as the 
1 
number of available sorption and catalytic sites also increase (Zhu et al., 2000; So et al., 
2002). Hence, this increases the numbers of dye molecules adsorbed and photons 
absorbed (Nam et al； 2002). However, when TiO� concentration increased from 5,000 
to 10,000 mg/L, insignificant increase of decolorization was observed because light 
scattering might have resulted that reduced the specific activity of the catalyst (Lea and 
Adesina, 1998). In addition, further increase in TiO] might increase the amount of TiO! 
that was unavailable for photo absorption (Nam et aL, 2002). 
5.2.4 Effect of H2O2 concentration 
In the absence of H2O2, only 10.51% decolorization was achieved at 120 min (Figure 
4.25). However, when H2O2 concentration increased from 0 to 20 mM, decolorization 
greatly enhanced from 10.51 to 88.52%. It was because H2O2 can act as a source of 
hydroxyl radicals (•OH) (Equations 1.9’ 1.10 and 1.11) (Halmann, 1996; Malato et aL, 
1998； Ince, 1999; Arls et al., 2002). It is a conduction band electron acceptor to prevent 
electron-hole recombination (Equation 1.9) (Halmann, 1996; Malato et aL, 1998; Arls et 
al., 2002). As a result, more holes will be available and forming more •OH (Equations 
1.4 and 1.5) to enhance the degradation efficiency. 
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h\vb) + H2O — •OH + H+ (1.4) 
h+(vb) + O H 4 • O H ( 1 . 5 ) 
H2O2 + e (cb) •OH + OH (1.9) 
H2O2 + •Oz 4 •OH + OH + O2 (1.10) 
HzOz+hv -> 2 •OH (1.11) 
Further increase in H2O2 concentration from 20 to 80 mM did not enhance the 
decolorization rate with statistically significant differences. It is because at high 
concentration, H2O2 will become a scavenger of valence band holes and hydroxyl 
radicals (Equations 5.1, 5.2, and 5.3) (Malato et al., 1998; Arls et al., 2002). Besides, 
H2O2 can absorb UV and undergo photolysis (Equation 1.11) (Yue and Legrini, 1992). 
H2O2 + 2h+(vb) O2+ 2H+ (5.1) 
H2O2 + •OH — H02® + H2O (5.2) 
H02® + •OH -> H2O + O2 (5.3) 
Also, H2O2 may modify the surface of TiO? upon sorption and subsequently decrease its 
catalytic activities (Malato et aL, 1998). Moreover, peroxo compounds (i.e. Ti(0)2(0H)2 
and Ti(00H)(0H)3) will be formed on the surface of the TiOi particles when the amount 
of H2O2 is in excess, which will inhibit the efficiency of the PCO (Halmann, 1996). 
5.2.5 Effect of the number of beads 
5.2.5.1 Sorption 
RC of 200 and 400 beads reached a plateau faster as less binding sites were available 
and the saturation of binding sites became faster. RCs were similar for 200’ 400 and 500 
beads, while further increase of number of beads to 600, RC decreased (Figure 4.26). 
Increase in beads number would increase the amount of immobilized TiO? and sorbent, 
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hence increasing the available sorption sites and more MX-5B could be sorbed. 
However, RC is calculated by dry weight of beads. Though increasing the number of 
beads can sorb more MX-5B, unchanged or reduced RC resulted as the dry weight of 
beads increased with the number of beads. 
5.2.5.2 Photocatalytic oxidation 
Decolorization increased as the number of beads increased up to 500 beads (Figure 4.27). 
This phenomenon can be explained similarly as in Sections 5.2.1.2 and 5.2.3.2. Increase 
I  
in beads number would increase the TiO? concentration and the amount of sorbent. Thus, 
the rate of decolorization increases as number of available sorption and catalytic sites 
increases (Zhu et aL, 2000; So et aL, 2002), and so the numbers of dye molecules sorbed 
and photons absorbed increase (Nam et al., 2002). As more dye molecules were sorbed 
by the immobilized systems, the chance of collision between TiO� and dye molecules 
increased and hence a higher reaction rate was observed (Cheng, 1998). However, when 
beads further increased, the rate of decolorization decreased which might be because of 
light scattering and screening effect (Lea and Adesina, 1998 Chan, 2002b). 
5.2.6 Effect of initial pH with and without the addition of H2O2 
In the heterogeneous PCO reaction, it is believed that the degradation processes of MX-
5B by •OH mainly occurred at or near to the surface of the TiO! (Fox and Dulay, 1993; 
Halmann, 1996; Vidal, 1998; Li et al., 2001; Yang et al., 2001). The life time of •OH 
are relatively short and they are unlikely to migrate far from the TiO� surface (Li et al., 
2001). Therefore, decolorization rate is affected by sorption between Ti02 and the 
pollutants (Halmann, 1996; Moctezuma et al, 1999). Sorption was pH dependent as the 
surface charges of TiOi particles and MX-5B were varied (Fox and Dulay, 1993; So et 
al., 2002) with solution pH. Ti02 is amphoteric (Arls et al., 2002) and the isoelectric 
point (pi) ofDegussa P25 Ti02 was 6.3, thus Ti02 surface became positively charged at 
pH <6.3 while negatively charged at pH > 6.3 (Halmann, 1996; Zhang et aL, 1998; Yu 
et al., 2000; Hu et al, 2003c). Therefore, the adjustment of pH varies the surface charge 
158 
of Ti02 and sorption performance and hence influences the reaction ability (Yu et al., 
2000; Hu et al” 2000). 
OH OH 
Ti-OH2+ Ti-OH Ti-O (5.4) 
H+ H+ 
Generally speaking, alkaline pH is more favorable for the photocatalytic degradation of 
cationic pollutant molecules while anionic pollutants are more readily degraded at acidic 
pH when the catalyst surface is positive charged (Arls et al., 2002). 
In the presence of H2O2, percentages of decolorization at initial pH 4 and 10 were 
similar while those at initial pH 6 and 8 were a little bit lower. At initial pH 4, TiO? 
surface becomes positively charged and so, anionic MX-5B can be sorbed on its surface 
strongly through SO3- groups (Li et al., 2001; Hu et al, 2003b; Comparelli et aL, 2005; 
Kusvuran et aL, 2005). At acidic medium, MX-5B could be strongly sorbed by the 
immobilized bacterial cells and hence increase the chance of collision between TiO? and 
dye molecules (Cheng, 1998). In addition, valence band electrons reach more readily to 
the positively charged catalyst surface to prevent recombination of electrons and holes 
(Comparelli et al., 2005). Thus, the decolorization rate observed was high as dye 
molecules could react with •OH formed on the TiOi surface (Kusvuran et al., 2005). So 
et al (2002) also reported that the decolorization of MX-5B in the presence of H2O2 was 
found at pH 3-5. For initial pH 6 and 8, the final pH was about 4, i.e. acidic. Thus, it also 
favored the sorption of MX-5B to TiOi surface and hence the percentages of 
decolorization obtained were high. 
On the other hand, high percentage of decolorization was also observed at initial pH 10. 
It is because alkaline pH favors the formation of •OH from the reaction of OH' and h+ 
(Equation 1.5) (Arls et al., 2002; So et al, 2002). Therefore, decolorization increased as 
more •OH formed. 
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In the absence of H2O2, the highest decolorization percentage was also found at initial 
pH 4. The highest decoloization rate was explained as previously discussed. However, 
the percentage of decolorization decreased with increase in initial pH, unlike the result 
in the presence of H2O2. As the pH increased, TiO� become less positively charged and 
sorption of dye decreased (Hu et al, 2003c). In addition, sorption by bacterial cells 
decreased with increase in initial pH as described in Section 5.1.5.5. As a result, PCO 
rate decreased. This also reflected by the final pH of PCO reaction at initial 8. Final pH 
of 6.61 was obtained for initial pH 8 in the absence of H2O2 instead of pH 4.31 when 
H2O2 was presence. It is because as PCO proceeded, the medium would become more 
acidic (Equations 1.4 and 5.1) and more H+ were produced. The final pH of initial 8 
became higher in the absence of H2O2 was due to smaller extent of decolorization and so 
less H+ were produced when compared to the case when H2O2 was present. At initial pH 
10，the percentage of decolorization was only 0.41%. It might be because less OH" was 
produced from H2O2 (Equations 1.9 and 1.10)，so that less •OH was produced from 
Equation 1.5. In addition, at alkaline pH, the coulombic repulsion arising between SO3" 
and the negatively charged TiOi surface would make the access of dye to TiO! become 
difficult, so •OH generated would less likely attack the dye molecules (Comparelli et al., 
2005). 
5.2.7 Control experiments for photocatalytic oxidation of Procion Red MX-5B 
Six different controls were performed and results are described as Figure 4.30. When 
UV, H2O2 or TiOi was provided alone, low percentages of decolorizations were 
obtained, i.e. 2.03，2.97 and 3.38% respectively as there was no or little production of 
•OH. Decolorization might be due to direct photolysis by UV, oxidation of H2O2 and 
sorption by TiOi respectively. It has been reported that use of UV alone may not be 
applicable to wastewater treatment with high color intensity (Hao et al, 2000). Use of 
H2O2 alone is also often not effective. It does not react with a particular azo dye at a 
wide pH range ofpH 3 to 9 (Solozhenko et al, 1995). 
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However, in the presence of UV together with H2O2 or TiOi, the decolorization was 
enhanced as •OH was formed by Equation 1.11 and Equations 1.3-1.7 respectively. 
Therefore, UV intensity was an important parameter affecting the rate of PCO reaction. 
When H2O2 was added with UV and TiOi, the percentage of decolorization increased 
sharply as explained as Section 5.2.4, therefore, UV and H2O2 were chosen for the 
combinational study. 
5.2.8 Combinational study of UV intensities and H2O2 concentrations 
I 
The combinational effect of UV intensities and hydrogen peroxide concentrations on the 
decolorization is described in Figure 4.31. At different H2O2 concentration, increase in 
UV intensity increased decolorization rate. It indicates that UV intensity is a critical 
factor for PCO reaction. The rate of PCO reaction may further speed up if UV intensity 
of higher than 0.77 mW/cm^ can be provided. At the maximum UV intensity, 
percentages of decolorization increase with H2O2 concentration up to 20 mM H2O2. 
Therefore, it was not cost-effective to carry out the PCO reaction with more than 20 mM 
H2O2. 
5.2.9 Photocatalytic oxidation of MX-5B under optimal conditions 
Result of PCO of 150 mg/L of MX-5B conducted under the optimized conditions. The 
decolorization increased sharply during the first 120 min and started to slow down 
afterwards. Decolorization reached 93.66% at 150 min and reached 99.39% at 210 min. 
Previous study showed that 30 mM of H2O2 might be totally used up after 120 min 
(Chan, 2002a). In the current study, H2O2 is very important in speeding up the rate of 
PCO as discussed previously. It might be used up in the first 120 min and hence slowing 
down of PCO reaction was observed after 120 min. 
5.2.10 Sorption isotherm of calcium alginate beads immobilized with 70 mg Vibrio 
sp. and 5,000 mg/L TiOz 
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Langmuir and Freundlich were used in this study. The fitness of the sorbent and sorbate 
system to the models can be reflected by the correlation coefficient (r^). From Table 4.3, 
r^  of Freundlich isotherm was 0.9481, which was much higher than that of Langmuir 
isotherm (r^=0.2252), therefore, sorption of MX-5B by the immobilized beads should fit 
more to the Freundlich isotherm. It is the same as sorption by Vibrio sp. The 
characteristics of Freundlich isotherm was described in Section 5.1.5.6. 
By considering the Freundlich isotherm, the magnitude of sorption intensity (n) can 
reflect the system suitability (Echeverria et al., 1998). It was suggested that when the 
value of n is greater than one, the sorption was under the favorable conditions (Scott and 
Karanjkar, 1995). In addition, when the value of 1/n is small, e.g. between 0.1-0.5, it 
belongs to easy sorbent. If over 2.0, it is difficult in sorption (Liu and Weber, 1981) for 
microbial cells. In the current study, n (i.e. 0.93) was close to one, so sorption by 
immobilized beads was not as suitable as freely suspended Vibrio sp. and it belongs to 
moderate sorbent (1/n = 1.08). Since there might be diffusion limitation for sorption 
caused by the lattice structures of the calcium alginate (Aksu et al” 1998; Chang et al, 
2001), the sorption performance of the immobilized beads was not as good as the 
biomass of freely suspended Vibrio sp. 
5.3 Biodegradation 
5.3.1 Isolation of cyanuric acid-utilizing bacteria 
It has been reported that 1 g of fertile soil can isolate 10^  microorganisms (Thimarm, 
1963) or a potential of some degradative enzymes, from which, it is more likely 
getting one potential candidate to degrade the target xenobiotic. On the other hand, 
sewage sludge will have 100-fold higher bacterial population than soil (Forster, 1985), 
so there would be a better chance to isolate the target compound-degrading bacteria 
(Cook, 1987). It has been proposed that the genetic capacity to degrade CA may be 
widely distributed in many species of facultative anaerobic, microaerophilic, or strictly 
anaerobic bacteria in nature (Jessee et al., 1983). Therefore, in the current study, 
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potential bacteria were isolated from the activated sludge collected of the Tai Po sewage 
treatment plant. The activated sludge sample should contain a variety and great number 
of bacterial species. As a result, seven bacterial species were isolated. CA-utilizing 
clones were purified through enrichment in the laboratory. 
5.3.2 Determination of cyanuric acid 
A good correlation was obtained from the standard curve (Figure 4.34) and CA was well 
separated showing a sharp peak in the HPLC chromatogram (Figures 4.35 and 4.38). 
Therefore, CA analysis could be detected by HPLC. 
5.3.3 Screening of MX-5B sorption ability 
The sorption ability of the isolated seven strains was unsatisfactory (Table 4.4) and 
sorptions of them were not as good as Vibrio sp., so they were not used in the sorption of 
MX-5B. 
5.3.4 Screening of cyanuric acid-utilizing ability 
Although all of the isolated bacteria were enriched under the same experimental 
conditions with the same CA concentrations, a significant difference in their CA 
degradation capability was observed (Figure 4.36). It might be because their 
metabolisms and growth conditions requirement were different (Chan, 2002a). Under 
the same selected incubation conditions, i.e. 30°C, 200 rpm of agitation, initial pH of 7.2, 
15%o salinity and 10 mM glucose, not all the selected bacteria were suitable to grow well. 
5.3.5 Bacterial identification 
CAl selected for further study was identified by three identification systems, i.e. the 
MIDI Sherlock® Microbial Identification System, the 16S rDNA identification method 
and the Biolog MicroLog™ System. Vibrio fluvialis was identified as the first choice by 
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all the three systems. Though the result of the Biolog MicroLog^"^ System was confident 
only to the genus level, the first choice it matched was also Vibrio fluvialis. Therefore, 
the selected Strain CAl could likely be Vibrio fluvialis. 
From Bergey's Manual of Systematic Bacteriology, V. fluvialis is a Gram negative 
bacterium with curved rods shapes. Their length and width are 1.4-2.6 }im and 0.5-0.8 
jam, respectively. They can be found in aquatic habitats with a wide range of salinities, 
so they are very common in marine and estuarine environments and on the surfaces and 
in the intestinal contents of marine animals. They are facultative anaerobes capable of 
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both fermentative and respiratory metabolism using molecular oxygen as electron 
acceptor. They grow in mineral medium with D-glucose and NH4CI. In addition, sodium 
ions are required. They can grow at 20-40°C (Krieg, 1984). 
5.3.6 Growth and cyanuric acid removal efficiency of the selected bacterium 
V. fluvialis on PY agar (Plate 4.5) was creamy yellow, smooth and convex colonies with 
entire edges. V. fluvialis grew after CA removal started (Figure 4.37). Since CA can act 
as a nitrogen source for bacteria and fungi (Jensen and Abdel-Ghaffar, 1969; Saldick, 
1974； Cook, 1987), and in the current study, it was the sole nitrogen source. Therefore, 
degrading CA to obtain nitrogen sources for synthesis of cell components like amino 
acids, nucleic acids and cell wall components (lessee et al., 1983; Patel et aL, 2005) was 
required for growth. CA was mainly removed during the log phase when the rate of cell 
division is the highest (Madigan et al., 2000). During log phase, the requirement and 
uptake of nitrogen from CA should be the greatest, so exponential utilization of CA 
should be observed (Cook, 1987). Previous studies also observed that utilization o f V 
triazines as nitrogen sources were mainly found in log phase (Cook and Hutter, 1981; 
Cook and Hutter, 1984). After 16 h, 100% CA removal was achieved and at the same 
time, stationary phase began as nitrogen sources became limited (Cook, 1987). The 
result was similar with the previous study that Pseudomonas sp. NRRL B-12228 
degraded all CA within 16 h with 10 mM addition of glucose (Ernst and Rehm, 1995). 
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5.3.7 Optimization of reaction conditions 
5.3.7.1 Effect of salinity 
V.fluvialis is a halophile as it requires high Na+ concentration (Krieg, 1984) for growth, 
which is important to maintain the osmotic pressure of bacterial cells (Fan et al., 2004). 
In the absence of salts, the enzymes production was reported to be inhibited in halophilic 
bacteria (Patel et al., 2005), so at 0%o their growth and CA removal was not observed. V. 
fluvialis was isolated from activated sludge sample of 15%o salinity, so this bacterium 
should have been well adapted to this salinity. Slower growth and a decrease in RE were 
resulted at 20, 25 and 30%o salinities. Inhibition may result from too high or too low 
salinity. At 30%o salinity, poor RE and growth might severely inhibit microbial 
metabolisms due to osmotic stress (Fan et al., 2004). In addition, high salinity may 
exacerbate the toxicity of target pollutants (Emerson and Breznak, 1997). Since V. 
fluvialis was isolated from activated sludge with 15%o salinity and good performance 
was observed in this salinity, 15%o was selected for further study. 
V. fluvialis could remove CA in a wide range of salinity, i.e. 5 to 30%o, and a better 
performance was observed from 5 to 15%o. It facilitates the real application of this 
bacterium in CA removal since some CA-degrading bacteria isolated in the past were 
found to be inhibited by the presence of salt in wastewater, which limited their usage in 
the real system (Cook, 1987). 
5.3.7.2 Effect of cyanuric acid concentration 
CA can act as a nitrogen source for bacteria and fungi (Jensen and Abdel-Ghaffar, 1969; 
Saldick, 1974; Cook, 1987). No growth was observed at 0 mg/L of CA (Figure 4.41). In 
the current study, CA was provided as the sole nitrogen source, so growth should not be 
observed as there was no nitrogen available for amino acid, protein or nuclei acid 
production (lessee et al., 1983; Ernst and Rehm, 1995; Patel et al” 2005). At 20 and 40 
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mg/L of CA, both growth and RE were not good which might be due to the glucose 
effect as explained in Section 5.3.7.7. 
For 80 to 1,600 mg/L of CA, all achieved 100% RE (Figure 4.42). Within this CA 
concentration range, toxic effect of CA was not observed. It is similar with the result of 
the previous study that no toxic effects of CA on the growth of Pseudomonas sp. NRRL 
B-12228 was observed (Ernst and Rehm, 1995). Growth of bacterium is proportional to 
the concentration of substrate supplied (Cook, 1987). Therefore, an increase in CA 
concentration would increase the provision of nitrogen sources and hence increase cell 
production. From the previous study, it was found that 100 mg/L of MX-5B generated 
40 mg/L of CA (Hu et aL, 2003b). Therefore, PCO degradation of MX-5B would 
probably generate CA concentration less than 80 mg/L. However, at 20 and 40 mg/L of 
CA, poor growth and RE resulted and 80 mg/L was the lowest tested CA concentration 
able to support growth of the bacterium, therefore, CA concentration of 80 mg/L was 
chosen for further study. 
5.3.7.3 Effect of temperature 
K fluvialis can grow at 20, 30, and 40°C but not at 45°C in rich medium (Krieg, 1984) 
However, no growth and CA removal were observed at 40�C (Figure 4.43a and 4.43b). 
It may because the medium provided in the current study was a minimal medium, and so 
the growth should be under stress and leads to this derivation. The rate of biodegradation 
generally decreases by a factor of two for every 10°C decrease in temperature (Melin et 
al., 1998). In addition, acclimation was significantly affected and the degradation 
process usually delays at decreased temperature (Manzano et al., 1999). Therefore, 20 
and 25°C may require a longer degradation time than at 30°C. Poor RE and growth were 
also obtained at 35T, which might be due to thermal deactivation of enzymes (Chen et 
al., 2003b; Xu et al； 2005). 
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5.3.7.4 Effect of agitation rate 
Increase in agitation rate up to 200 rpm improved the growth rates and RE while a 
decrease in RE and poorer growth was observed at 300 rpm (Figures 4.5 and 4.6). V. 
fluvialis are facultative anaerobes that carry out respiratory metabolism using molecular 
oxygen as electron acceptor (Krieg, 1984), which was controlled by agitation rates in the 
current study. Therefore, a higher agitation rate would lead to better mass transfer 
efficiency and higher dissolved oxygen in the medium (Xu et al, 2005). Poorer growth 
rate and RE observed at 300 rpm might due to too high oxygen content that may inhibit 
the degradation efficiency by suppressing their activity (Chan, 2002a). Growth and CA 
removal was observed at 0 rpm. Since side-armed flasks, which had relatively larger 
surface areas for dissolving oxygen than conical flasks，were used throughout the 
experiment. Oxygen trapped inside the flask dissolved more readily to the medium, 
which might be adequate for growth. In addition, before sampling and growth 
measurement, the cultures were shaked well which might bring in oxygen. Therefore, at 
0 rpm, the dissolved oxygen level was higher than in anaerobic growth. 
4.3.7.5 Effect of initial pH 
Initial pH affects the bioavailability, membrane permeability and enzymatic specificity 
of the bacteria, and hence the rate of biodegradation will also be affected (Melin et al., 
1998; Awasthi et al., 2000; Xu et al., 2005). The growth rates and CA removal of V. 
fluvialis increased with initial pH up to 7, which were similar to those of initial pH 8 
(Figure 4.47 and 4.48). No growth or CA removal was observed at initial pH 3. It 
indicates that this bacterium could perform CA removal under a wide range of initial 
pHs, which favors the real application as strict pH control is not necessary in the large 
scale process (Xu et al., 2005). 
5.3.7.6 Effect of initial glucose concentration 
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Glucose, a preferred carbon and energy source (Adour et al., 2005), was used in this 
study as carbon source. No growth or CA removal was observed at glucose 
concentrations of 0 mg/L (Figures 4.49 and 4.50), as there was no energy source 
provided. When glucose concentration increased from 0 to 10 mM, growth rate 
increased since the greater the supply of carbon, more biomass would be produced 
(Ernst and Rehm, 1995). Beyond 10 mM glucose, increases in glucose concentration 
resulted in poor growth and slower CA removal. Growth and CA removal were totally 
suppressed at 30 mM glucose. Glucose seemed to affect the growth and CA removal 
adversely. Therefore, lower glucose concentrations of 0, 1, 2.5, 5, 10, 15 and 20 mM, in 
which 20 mM glucose already showed inhibitory effect on CA removal, were tested with 
different CA concentrations, i.e. 0, 20, 40, 80 and 160 mg/L, as described in the next 
section. 
5.3.7.7 Combinational study of glucose and cyanuric acid concentrations 
In order to study the effect of glucose on CA removal by V. fluvialis, combination 
effects of CA and glucose concentrations were studied and the results are shown in 
Figure 4.51. At smaller glucose concentration, i.e. 1 and 2.5 mM, 100% RE and growth 
of V. fluvialis were found for 20 and 40 mg/L of CA within 10 h. In contrast to the result 
of Section 4.3.7.2 that in the presence of 10 mM glucose, poor RE and growth were 
obtained for 20 and 40 mg/L of CA. It seemed that high glucose concentrations showed 
inhibition on CA removal by V. fluvialis. Generally, beyond 2.5 mM, increases in 
glucose concentrations decreased the growth rates and RE at all tested CA 
concentrations. A similar result was found in the previous study that the presence of 
glucose slowed down the degradation of aromatic carboxylic acids by Pseudomonas 
ynira. The author claimed that it was due to catabolite repression (CR) (Jurkova and 
Wurst，1993). Another example was growth of Enterococus faecalis in 25 mM citrate as 
carbon and nitrogen sources was suppressed in the presence of 25 mM glucose but 
growth was observed when glucose was exhausted after 2 h. The rate of citrate 
utilization decreased as the glucose concentration increased. Citrate utilization was 
completely inhibited and persisted for at least 7 h after glucose was exhausted. The 
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authors also claimed that it was due to CR (Rea and Cogan, 2003a; Rea and Cogan, 
2003b). 
CR is a regulatory mechanism by which the gene expression required for the utilization 
of secondary sources of carbon is prevented by the presence of a preferred substrate 
(Stulke and Hillen, 1999; Madigan et al., 2000), such as glucose (Adour et al； 2005). 
Many catabolic enzymes are repressed in the presence of a rapidly metabolizable sugar 
such as glucose (Mitchell et al., 1995). CR is widely found in Escherichia coli, Bacillus 
subtilis and B. megaterium (Stulke and Hillen, 1999). Many studies have found that 
glucose favored a catabolite repression in many microorganisms (Rea and Cogan, 2003a; 
Rea and Cogan, 2003b; Patel et aL, 2005). For example, Sphingomonas sp. strain ICX 
could aerobically degrade Orange II, Acid Orange 10, Acid Red 4 and Acid Red 88, 
utilizing them as a sole of source of carbon and nitrogen. The addition of glucose or 
inorganic nitrogen inhibited the growth and decolorization (Coughlin et al., 1999). 
Though CA was used as a nitrogen source in the current study, it could also act as 
carbon and energy source by a facultative anaerobic bacterium under anaerobic 
condition (lessee et al., 1983). Many compounds can serve as carbon as well as nitrogen 
source. For example, Penicillium camembertii can use arginine as carbon and nitrogen 
source as well as energy source (Adour et al., 2005); cyanide acted as sole nitrogen and 
carbon source for Bacillus pumilus (Ezzi and Lynch, 2005). If it was the case, high 
glucose concentration might repress the production of enzymes for CA degradation, so 
slower growth was obtained. The higher the glucose concentration, the greater the 
inhibition would be. Therefore, at 30 mM glucose, growth was totally suppressed. 
In the absence of either CA or glucose, no growth and CA removal was observed. In the 
absence of glucose, though CA might also act as carbon source, growth was not 
observed. When compared to glucose; CA was not a good carbon source as 160 mg/L of 
CA could only provide 3.72 mM carbons to the bacterium, while 1 mM glucose 
provided 6 mM carbon. CA concentration lower than 160 mg/L would provide even less 
carbon, which might be inadequate for bacterial growth. Even though it was enough, 
169 
longer time (i.e. >10 h) might be needed for degradation of CA. It has been reported that 
if cyanide was provided alone acting as sole carbon and nitrogen source, 2,600 mg/L and 
90 days were needed, which was much longer than the time (i.e. 32 days) needed for 
degradation of cyanide when glucose was also present (Ezzi and Lynch, 2005). In 
addition, there might not be enough energy supplied to the bacterium for the breakdown 
of the triazine ring of CA to obtain carbon and nitrogen source. 
When CA concentration increased to 160 mg/L, higher growth rate was obtained for 2.5 
mM than that of 1 mM glucose. Therefore, at a higher CA concentration, a slightly 
increased glucose concentration could enhance growth. At 1 and 2.5 mM glucose, 
increased CA concentration could give a better growth rate. It might be because more 
nitrogen sources as well as carbon sources were provided. In the presence of around 20 
mg/L of CA formed from the PCO reaction, CA removal efficiencies of V. fluvialis with 
1 or 2.5 mM glucose were similar, 1 mM glucose was selected for further study since it 
is a lower system cost. 
Glucose has been showed to inhibit decolorization and the authors claimed that it was 
due to the inhibition of growth and enzymes production at low pH due to the organic 
acid production from high glucose consumption (Chen et al., 2003b). However, the final 
pHs of the cultures after CA removal were around pH 6. The effect of initial pH on V. 
fluvialis had been studied and it could grow in pH ranges of pH 4-8, therefore, it is 
unlikely the inhibition of high glucose concentration was due to organic acid production. 
However, catabolite repression may be one of the possible explanations. Many aspects 
of the inhibitory mechanisms of glucose is still scarcely known (Chen et aL, 2003b). 
5.4 Detection of cyanuric acid formed in photocatalytic oxidation 
Figure 4.52 shows the profiles of CA detected during prolong PCO reaction with or 
without addition of H2O2. CA became detectable by HPLC after 48 h irradiation. At 168 
h, 0.74 (i.e. 23.41 mg/L) and 0.87 mole of CA/mole of MX-5B (i.e. 26.92 mg/L) were 
obtained for without and with the addition of H2O2 respectively. Therefore, about 26% 
170 
and 13% loss of CA were found in the absence or presence of H2O2 respectively, which 
might be due to adsorption on the apparatus (Chan, 2002b). 
Addition of H2O2 could enhance the CA formation rate but the enhancement effect was 
not very obvious. In the presence of H2O2, it can speed the reaction rate as discussed in 
Section 5.2.4. In a previous study, it was reported that 30 mM of H2O2 would be totally 
used up after 120 min (Chan, 2002a). Therefore, 80 mM H2O2 used in this study would 
also be used up within a few hours. Therefore, the rate of PCO reaction would be slowed 
down until another 80 mM H2O2 was added in the next time interval. It might be one of 
the reasons for slow CA formation rates. In addition, intermediates, aromatics, aldehydes, 
ketones and organic acids formed upon PCO reaction (Tanaka et al, 2000; So et al, 
2002) may compete for limited adsorption and catalytic sites on TiO? surface and •OH 
(Ollis et al., 1989), leading to a low PCO rate. 
5.5 Integration of sorption, photocatalytic oxidation and biodegradation 
It is a novel approach that three treatment methods, i.e. sorption, PCO and 
biodegradation, were integrated to completely remove a triazine containing azo dye, 
Procion Red MX-5B. Under all the optimized conditions, CA formed from 168 h PCO 
reaction in the presence of H2O2 was collected and further degraded by V. fluvialis 
(Figure 4.53). Complete CA removal was observed by the h without any inhibition 
or enhancement effect caused by using the PCO spent solution. In sum, a total of 179 h 
(i.e. about 7.5 days) was required to completely degrade MX-5B. 
5.6 Recommendations 
To improve the CA formation rate, a continuous system capable of automatic addition of 
H2O2 at regular time intervals should be used. It will probably shorten the irradiation 
time, making the whole integrating system more cost-effective. 
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Ti02 was found to leak out from the alginate beads after 4 h PCO reaction. Thus, 
recycling of the immobilized beads for sorption became impossible. Therefore, trials on 
other immobilizing materials or co-adsorbent may be required. Fiber glass, silica, 
alumina, zeolites, and clay have been studied, but no improvement of PCO efficiency is 
observed in the degradation of dyes (Fernandez et aL, 1995; Robert et aL, 1999). 
Carbon nanotubes may be a good choice as they are reported to facilitate PCO reaction 
of azo dyes and speed up the formation of CA (Yu et al., 2005). In addition, chitinous 
materials may also be a cost-effective alternative (Chan, 2002b). 
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6. Conclusion 
For sorption, Vibrio sp. was isolated and its cell yield was optimized as follow: cells 
growing at 30�C in medium with 2 g/L glucose and of initial pH 7. Growth phase would 
affect the sorption ability of the bacterium that Vibrio sp. had a better sorption 
performance at log phase. 
The physicochemical conditions for the sorption process were optimized and the optimal 
conditions were 7 mg dry weight of Vibrio sp., agitation rate of 200 rpm, initial pH 3, 
salinity of 0%o, 200 mg/L of MX-5B and temperature of 30�C. Under all the selected 
conditions, RC90min of 177.79 mg/g was obtained. Among these parameters, initial pH 
was the most important factor. Decrease in initial pH could greatly enhance the RC. 
Sorption of 150 mg/L of MX-5B was carried out by calcium alginate beads immobilized 
with biomass of Vibrio sp. and TiOi, followed by PCO reaction. The optimized 
experiment conditions were alginate beads immobilized with dry weight of 70 mg of 
Vibrio sp. and 5,000 mg/L of TiO? 0.77 mW/cm^ of UV, initial pH 4, 500 alginate beads 
and 20 mM H2O2. Under all the optimized conditions, decolorization of 99.12% was 
achieved after 195 min irradiation. Addition of H2O2 could greatly enhance the PCO 
efficiency. 
Great enhancement of 44% in the rate of PCO reaction was achieved by immobilizing 
dry weight of 70 mg of Vibrio sp. together with Ti02. 
Both Vibrio sp. and alginate beads immobilized with Vibrio sp. and TiOi suited best to 
Freundlich sorption isotherm and biomass of Vibrio sp. was suitable sorbent to the 
sorption system. 
0.87 mole of CA/mole of MX-5B was accumulated after 168 h prolonged PCO reaction. 
Addition of 80 mM H2O2 at 24 hours interval could enhance the rate of CA formation 
slightly. 
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Another bacterium, Vibrio fluvialis, which was isolated and identified for CA 
degradation after the PCO process. The experimental conditions for biodegradation of 
20 mg/L CA were optimized at 30°C, agitation rate of 200 rpm, 15%o salinity, initial pH 
7.2 and 1 mM glucose concentrations. 100% CA removal was obtained after 10 h 
incubation. It was found that CA removal was likely to be inhibited at high glucose 
concentration. 
Finally, integration of sorption, PCO and biodegradation were performed. Under all the 
optimized experimental conditions, complete removal of 150 mg/L of MX-5B was 
achieved after 1 h sorption using Vibrio sp. and TiO? immobilized alginate beads 
followed by 168 h PCO plus 10 h incubation with Vibrio fluvialis. Further study on 
alternatives of immobilizing agents or supporting materials is required since alginate 
beads were found to be non-PCO resistant. 
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Appendix 
Table A1 Chemical composition of Screening Medium (SM)* (Modified from Cheng, 
1998). 
Ingredients Concentration (g/L artificial seawater) 






Tris Buffer 6.057 
* Adjust to pH 7 by 10 M NaOH or 10 M HCl 
Table A2 Chemical composition of peptone yeast extract (PY) agar*. 
— -
Ingredients Concentration (g/L artificial seawater) 
Yeast extract 3 
Peptone 5 
BactoTMAgar 15 
*Adjust to pH 7.5 by 0.1 M NaOH or 0.1 M HCl 
200 
Table A3 Minimum medium (MM)* (Radosevich et al., 1995). 
Ingredients Concentration (mg/L artificial seawater) 
K2HPO4 174 





*Cyanuric acid and glucose were added according to requirement. 
Table A4 Minimum medium (MMCA) agar (Radosevich et al., 1995). 
Ingredients Concentration (mg/L artificial seawater) 
K2HPO4 174 





BactoTMagar 15 g 
Glucose 1801.6 
Cyaunric acid 200 
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